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The decreasing of fossil fuels and the effects of global warming have forced 
us to develop alternative energy storage and conversion systems. Batteries, 
supercapacitors, and conventional capacitors are most commonly used energy 
storage devices. Among these energy storage devices, batteries have attracted 
rapidly growing attention due to the development of the portable electronic 
equipment and devices.  
Considering their high energy density and environmentally safety, Li-ion 
batteries (LIBs) and metal-air batteries (MABs) are very promising candidates 
for the future practical application. However, the improvement of the battery 
performance is still in great challenge. In this perspective, this thesis aims to 
address some novel electrode materials for potential application in LIBs and 
MABs, which offer great encouragement to achieve higher performance. In 
detail, our research mainly includes the Li4Ti5O12 anode material for the Li-ion 
battery and the novel bifunctional MnO2/Co3O4 and Ag1.6Mn8O16/rGO catalyst 
for the metal-air battery.  
Chapter 1 provides an overview about the definition of batteries and the 
principle of the LIB and MAB. The development of the anode materials in 
LAB was summarized. The recent advances of catalysts used in MAB were 
briefly introduced as well.  
In Chapter 2, porous micro-spherical Li4Ti5O12/C aggregates (LTO/C-PSA) 
have been successfully prepared using porous spherical TiO2 (TiO2-PS) as 
titanium source, lithium acetate as lithium source and 
cetyltrimethylammonium bromide (CTAB) as carbon source followed by 
calcinations for the first time. Without CTAB addition, porous micro-spherical 
Li4Ti5O12 aggregates (LTO-PSA) can be synthesized. Both the synthesized 
LTO-PSA and LTO/C-PSA exhibited excellent electrochemical profiles 
including high reversible capacity, impressive rate capacity and good cycling 
stability. The specific capacity of the LTO-PSA and LTO/C-PSA at 30 C was 
as high as 141 and 143 mAh g-1, respectively, while that of the normal LTO-
SG could only achieve 100 mAh g-1. At the highest rate of 70 C, the LTO-PSA 
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and LTO/C-PSA still deliverd a capacity of 77 and 101 mAh g-1, respectively, 
which was much higher than that of LTO-SG (ca. 8 mAh g-1). Moreover, the 
cycling performance of LTO/C-PSA was superior to that of LTO-PSA. 
In Chapter 3, MnO2/Co3O4 hybrid as a new air electrode material has been 
synthesized via a two-step hydrothermal method. ~10 nm of Co3O4 
nanoparticles were homogeneously coated on the surface of the MnO2 
nanotubes. The hybrid materials showed good bifunctional oxygen reduction 
reaction/  oxygen evolution reaction (ORR/OER) activities and cyclic stability 
in discharge and charge process. Their application used as the catalysts in Zn-
air battery and Li-O2 battery was further investigated. It is interesting that the 
hybrid materials displayed high activity and good cycle stability than the 
single MnO2 nanotubes. 
Chapter 4 described a novel catalyst Ag1.8Mn8O16/rGO used in the Zn-air 
battery. Ag1.8Mn8O16 nanorods on graphene were fabricated via a simple 
three-step route: preparation of reduced graphene oxide, subsequent synthesis 
and modification of Ag1.8Mn8O16 nanorods, and finally self-assembly of 
Ag1.8Mn8O16 nanorods and reduced graphene oxide by electrostatic attraction. 
The hybrid showed the better ORR and OER activities than commercial Pt/C, 
the single Ag1.8Mn8O16 nanorods and graphene. In addition, as cathode 
electrocatalyst, the performance of the hybrid used in ZABs was also studied. 
The results indicated that the hybrid displayed high activity and good cycle 
stability during the discharge and charge processes. The improved 
electrochemical performance may be attributed to the increased electrode 
conductivity, large surface area, as well as the synergetic chemical coupling 
effects. 
In conclusion, this study has developed the electrode materials for the 
different batteries. The Li4Ti5O12 materials with high electrochemical 
performance could be a promising anode material in LIBs for electric vehicles 
in the future. On the other hand, the novel bifunctional MnO2/Co3O4 and 
Ag1.6Mn8O16/rGO catalyst may provide new perspective on the construction of 
the catalyst in MABs.  
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Nowadays, energy crisis has prompted the development of the generation of 
renewable energy, which mainly relies on wind, tide, solar, water, nuclear 
reaction or other sources. In addition, exploration of renewable energy will 
lead to the decrease of the consumption of fossil fuels and severe influence of 
burning fossil fuels on human health.  
However, no matter what means used to produce energy, energy storage is 
always the focus of a growing body of investigation. In recent years, energy 
storage devices including batteries, supercapacitors and conventional 
capacitors, have received much attention from fundamental research to 
practical industrial applications. Among advanced energy storage devices, 
batteries have been widely used in our daily life due to their unique features. 
Although the supercapacitors have higher power density and longer cycling 
life,[1, 2] batteries are widely used in in portable electronic and electric devices, 
such as mobile phones, computers, MP3 players. From the table 1.1, the 
reason is that the battery can discharge for long time and have larger energy 
density. 
1.1 Definition	of	battery	
A battery is a device that converts the chemical energy stored within its 
active material to electrical energy by chemical reaction. This may be 
composed of one or more electrochemical cells connected in parallel and/or in 
series, which can offer the required capacity and voltage, respectively. An 
electrochemical cell mainly consists of positive electrode (cathode), negative 
electrode (anode) and electrolyte. The output capacity and voltage are 
dependent on the internal chemistry of the system, especially the nature, 
structure and amount of the electrode materials.  
Based on the principle of operation and usage, batteries are classified to 





















Physical Physical Chemical 
Charge time 10-6~10-3 s 1~30 s 1~5 h 
Discharge time 10-6~10-3 s 1~30 s 0.3~3 h 
Energy density 
(Wh/kg) 
<0.1 1~10 20~100 
Power 
density(kW/kg) 
~10 5~10 0.5~1 
Charge/Discharge 
efficiency (%) 
~100 75~95 50~90 








































Primary batteries can produce electric energy during discharge via an 
irreversible electrochemical reaction. They can only be used once due to the 
irreversible chemical reactions. Generally, these batteries, such as Zn-MnO2 
and Li-MnO2 battery, are widely used in portable devices due to their light-
weight, high energy density at moderate or low discharge conditions, 
conditions, and minimum maintenance. 
1.1.2 Secondary	(Rechargeable)	battery	
The rechargeable batteries can generate electric energy via a reversible 
electrochemical reaction. Unlike primary batteries, the chemical reaction that 
occurs in the secondary batteries is reversible. The electrical current reverses 
the chemical reactions that happen during its use and renews the active 
material for further use. The rechargeable batteries offer advantages including 
high power density, high discharge rates, flat discharge curves and good 
performance at low temperature, as well as environment benign. Compared to 
the primary batteries, they suffer from lower energy density and charge 
retention. The typical secondary batteries include nickel-cadmium battery, 
lead-acid battery, nickel-metal hydride (Ni-MH) battery and lithium-ion 
battery. 
1.2 Metrics	and	characteristics	of	battery	
In order to well understand the performances in various types of battery 
systems, several metrics and characteristics of batteries are introduced as 
follows:  
(1) Voltage  
The theoretical standard cell voltage can be determined from the 
electrochemical series using Eo values:  
Eo (cell) = Eo (cathode) – Eo (anode)  
(2) Theoretical capacity  
The theoretical capacity of a battery describes the total quantity of 
electricity involved in the electrochemical reaction in the battery, which is 





theoretical specific capacity of an individual electrode material can be 
calculated based on Faraday’s first Law:  
Q=nF/M 
where n is number of electrons transferred per mole of reaction, F is 
Faraday’s constant, and M is molecular mass of the active material.  
(3) Energy density 
Energy density is the amount of energy per unit volume or mass stored in a 
battery. It involves the determination of the standard voltage of the 
cathode/anode system under thermodynamic equilibrium condition and the 
total formula masses of the cathode and anode materials (Σ iMi) in the reaction. 
The theoretical energy density (εw) of a battery could be expressed by the 
equation: 
εw = nF/ Σ i Mi       
where n is the number of electrons transferred in electrochemical reaction, F 
is Faraday’s constant, and M is molecular mass of the active material.  
(4) Power density  
The power density is used to describe the high current operation (or high 
rate) capability of a battery. A battery with high power density can provide 
large amount of energy in a short time and it is usually required for large 
acceleration or high speed applications. The power density can be determined 
through the ratio of energy density and the discharge time of battery. It 
indicates the maximum power (product of the cell voltage and current 
operation) that can be supplied per unit mass and its unit is often expressed in 
W/kg.  
(5) C rate  
The charging or discharging rate of a battery is defined in terms of its total 
storage capacity in Ah or mAh. Thus, 1 C rate means transfer of all of the 
stored capacity (or energy) in one hour; 2 C means full transfer of the stored 
capacity in 30 minutes, and so on.  
(6) Coulombic efficiency  
The ratio (expressed as a percentage) between the energy extracted from a 







(7) Cycle life 
The battery cycle life for a rechargeable battery is defined as the number of 
charge/recharge cycles that the battery can perform before its capacity falls to 
80% of what it originally was. 
1.3 Energy	density	of	batteries	
Figure 1.1 lists the gravimetric energy of various representative types of 
rechargeable batteries.[5] Compared with other rechargeable lead-acid, nickel-
metal hydride (Ni–MH) and lithium-ion batteries, the metal-air family (Li-air 
battery and Zn-air battery) has higher theoretical energy density. Especially, 
the energy density of Li-air battery is comparable to that of gasoline. 
Therefore, in recent years, the metal-air batteries have drawn increasing 
attention from the scientists. The metal air batteries generate electricity 
through a redox reaction between metal and oxygen in air. Among them, Zn-
air battery offers numerous advantages including a flat discharge plateau, high 
safety, low cost, environmental benignity and long shelf life.  
Alternatively, Li-air battery, which is characterized by light weight, high 
energy, power density (its high theoretical specific energy of 11431 Wh/kg) 
and better design flexibility, is widely investigated by the scientists. 
Consequently, Li-ion batteries are widely used in various application fields 
including portable electronics and telecommunication equipment. They have 
the advantages such as light weight, high energy and power density and better 
design flexibility.  
The three types of the batteries (Li-ion batteries, Zn-air batteries and Li-air 
batteries) have attracted much attention from scientific and industry field. 
Next I will give more detail introduction about basic fundamentals and 





















Figure 1.1 Comparison of the gravimetric energy for various types of 
rechargeable batteries compared to gasoline. (Reprinted with permission.[5] 




















The typical Li-ion battery mainly consists of cathode, anode and electrolyte. 
The Li-ion batteries operate through the Li+ insertion/de-insertion to the 
corresponding electrodes via the electrolyte (Figure 1.2). For example, Li-
containing layer compound (LiCoO2) and graphitic carbon (MCMB) are 
employed as cathode materials and anode materials in commercially used Li-
ion battery, respectively. A non-aqueous solution of 1 M LiPF6 dissolved in 
ethylene carbonate/diethyl carbonate (EC/DEC) is used as the electrolyte, 
which is ionically conducting, but electronically insulating. Furthermore, the 
two electrodes are usually separated by a separator to prevent electrical 
shorting. 
During the charging process, the Li ions move from anode electrode to 
cathode electrode, thus the electrons flow from the external circuit to preserve 
the charge neutrality. This transportation of Li ions and electrons is reversed 
during discharging process. The Li-ion batteries are also regarded as rocking 
chair, swing or shuttle-cock batteries, resulting from the reversible Li-ion 
intercalation and de-intercalation through the electrolyte. The reactions in the 
Li-ion battery can be described as the following equations: [6]  
During the charging process                              
At cathode: LiCoO2 → Li1-xCoO2 + xLi+ + xe- (e- =electron) 
At anode: C + xLi+ + xe-→ LixC                            
During the discharging process 
At cathode: Li1-x CoO2 + xLi+ + xe- → LiCoO2                             
At anode: LixC → xe- + xLi+ + C                                       
The overall reaction is  
LiCoO2 + C ↔ Li1-xCoO2 + LixC (x = 0.5)             
However, only 0.5 mol  Li is extracted from the crystal structure of LiCoO2. 
The formation of highly unstable CoO2 takes place due to O2 evolution after 
complete extraction of Li ions. 
On the basis of above-mentioned principle, some criteria should be required 





anode materials should be highly stable for intercalation/de-intercalation of Li-
ion during the charge and discharge process; (2) the electrode materials must 
not be soluble in the electrolyte; (3) the electrode materials should show high 
electronic and ionic conductivity, which is beneficial to good electron and Li-
ion mobility; (4) the electrode materials should have good thermal stability 
during the cycling process; (5) the intercalation and de-intercalation potential 
of the cathode should not be higher than the decomposition potential of 
electrolyte, so that oxidation of the solvent in the electrolyte can be avoided. 
Similarly, the opposite holds for anode (low intercalation potential and 
reduction of the solvent); (6) the electrode materials should be 
environmentally benign; and (7) the electrolyte should have high Li-ionic 




































































Figure 1.2 A schematic illustration of the working principles of a LixC6/Li1-
xCoO2 lithium-ion cell. During discharge, lithium ions diffuse from a lithiated 
graphite (LixC6) structure (the anode) into a delithiated Li1-xCoO2 structure 
(the cathode) with concomitant oxidation and reduction of the two electrodes, 
respectively. The reverse process occurs during charge. (Reprinted with 













1.4.2 Anode materials for Li-ion battery	
The battery performance (for example, battery potential, capacity or energy 
density) are related to the intrinsic property of the materials that form the 
positive and negative electrodes and electrolyte.[7] 
Herein, I just focus on the development of the anode materials. The 
development of Li-ion batteries and various aspects of anode materials have 
been discussed in detail in various reviews.[8-12] 
1.4.2.1 Carbon	materials	
Graphite is the most common anode material in LIBs that dominated the 
consumer market.[13] The lithium ion intercalation can lead to an increase in 
interlayer spacing and does not affect the arrangement of carbon within the 
layers, thus resulting in an excellent electrochemical performance. However, 
The Li-ion intercalation voltage of graphite is close to the lithium 
electroplating potential, leading to the dendritic growth of lithium which 
penetrates the separator resulting in electrical shorting and thermal runaway.[14] 
In addition, the electrolyte may be reduced at the low voltage. Therefore, 
graphite anode materials may cause the safety problem of Li-ion batteries at 
high current rates.  
Single and multi-walled carbon nanotubes have been studied as anode 
materials for Li-ion batteries.[15, 16] Purified SWNTs have produced more than 
1000 mAhg-1 intercalation capacity. To account for the excess lithium capacity, 
several mechanisms have been proposed such as the diffusion of lithium ions 
into stable sites located on the nanotube surface, inside individual nanotubes, 
and between CNTs in the interstitial sites of close-packed bundles.[17] 
However, they have high irreversible capacity loss values during the first 
discharge, because it is difficult to remove lithium ions from the bundles of 
nanotubes. 
Graphene and modified graphene can be regarded as the good anode 
materials in lithium ion batteries owing to their high capacity values.[18, 19] 
Lithium adsorption can occur on both sides of the graphene. Thus the capacity 





suffer from high irreversible capacity loss values during the first discharge of 
the batteries, which hinders its application. 
1.4.2.2 Alloy	
Li can be electrochemically alloyed with many metallic and semi-metallic 
elements, such as Si, Sn, Ge, Pb, Al, Ga, and Mg.[20-23] The Li alloying could 
often be carried out during the charging process of the LIBs. Their 
electrochemical reaction can be represented by the equation:[21] 
xLi++xe-+M→LixM           M=Si, Sn, Ge etc. 
The alloyed anodes have drawn numerous attention from the scientists due 
to their high specific capacities, moderate operation potentials and good safety. 
However, there is a large volume change during the 
intercalation/deintercalation of lithium ions. The large volume change leads to 
severe cracking and crumbling of the electrodes and subsequent loss of 
electrical contact between individual particles, which causes large irreversible 
capacity and severe capacity fading. 
Take silicon as an example, Si can be alloyed with up to 4.4 atoms of 
lithium per one silicon atom to form Li22Si5 intermetallic phase. Thus silicon 
has the theoretical capacity of 4200 mAh g-1, which is much higher than those 
of other anode materials.[23] Moreover, silicon is the second most abundant 
element on earth and already has a mature industrial infrastructure in existence. 
It is attractive when considering commercial applications. But the biggest 
problem preventing the commercial application of silicon is the large volume 
change (up to about 410%) during the charge and discharge process, which 
leads to microcracks or pulverization and therefore poor cyclability. In order 
to solve the problem, silicon-carbon composite anodes have been extensively 
studied. Carbon coated Si nanowires,[24] mesoporous Si@C microspheres,[25] 
Si/CNT coaxial nanofiber,[26] and Si@C/graphene nanocomposite[27] have been 
studied. The carbon materials, acting as a buffer for the volume change, have 
low volume expansion, good ionic conductivity, excellent tolerance to 
mechanical stress and considerable Li-storage capacity. Therefore, it can 





the electrical conductivity of the electrode, thus improve the battery 
performance. 
1.4.2.3 Metal oxide	
Different metal oxides have been extensively studied as potential anode 
materials for Li-ion battery because these materials have diverse chemical and 
physical properties and can deliver high reversible capacities. Metal oxide-
based anodes can be classified into three groups based on the mechanism of 
lithium storage: (i) Li-alloy reaction mechanism; (ii) conversion reaction 
mechanism; and (iii) insertion/extraction reaction mechanism. 
The three reaction mechanisms are displayed as follows:[11] 
(1) Li-alloy reaction mechanism: 
MxOy + 2yLi+ + 2ye-→ xM + yLi2O;  
M + zLi + + ze-→ LizM  
(2) Conversion reaction mechanism: 
MxOy + 2yLi+ + 2ye-→ xM + yLi2O  
(3) Insertion reaction mechanism: 
MOx + yLi+ + ye-→ LiyMOx  
Li alloy reaction mechanism 
Much attention has been paid to tin oxide because of their large capacity, 
environmental acceptability and low cost. The reaction mechanism of SnO2 
with lithium has been proposed as the following two steps:[28] 
SnO2 + 4Li+ + 4e− → Sn + 2Li2O                    
Sn + xLi+ + xe− ↔ LixSn (0 ≤ x ≤ 4.4)          
First, SnO2 was reduced to metallic Sn, which may be partially irreversible. 
The second process is the Sn alloying/de-alloying reaction with lithium, which 
is very reversible in most cases. If completely reversible, the overall 
electrochemical processes could cause 8.4 Li-ions insertion per formula unit of 
SnO2, corresponding to a theoretical capacity of 1491 mAh/g.  
However, upon continuous cycling, Sn phases produced from the 
delithiation of the Li-Sn alloy tended to aggregate with each other and form 
clusters. This leads to fast fading in the reversible capacity because of the 





can be introduced to improve the cycling performance of SnO2 and reduce the 
irreversible capacity. For example, SnO2 nanoparticles@graphene[28,29] and 
SnO2-Co3O4 core-shell nanoneedles,[30] can greatly improve the cycling 
performance. 
Conversion reaction mechanism 
The conversion reaction mechanism has received tremendous attention 
since many transitional metal oxides (MOx, where M can be Fe, Co, Ni, Cu, 
Cr, Ru, etc.) follow that mechanism during electrode reactions. These oxides 
are converted to a metallic state along with Li2O component at the first 
discharge process and are reversibly returned to its initial state after charging 
process.  
Conversion reactions in various transition metal oxides in which reversible 
lithium uptake and extraction occur at deep discharge voltages (up to 0.01 V). 
During lithium uptake, metal oxides are reduced into composites of metal 
embedded in an amorphous Li2O matrix.  
Anodes made from these metal oxides exhibit high reversible capacities and 
high energy densities because the oxidation state is utilized fully and more 
than one electron are involved in the conversion reaction. However, they often 
face the problem including low coulombic efficiency at the first cycle, unstable 
SEI film formation, large potential hysteresis, and poor capacity retention. To 
solve these problems, nanostructured transition metal oxide materials and 
transition metal oxide/carbon nanocomposites have been prepared. The most 
widely studied conversion reaction-based transition metal oxide anodes were 














Table 1.2 Summarization of conversion reaction-based nanostructured 
transitional metal oxide anodes. 
 







Mn3O4 937 Mn3O4 
nanomaterials[31] 




Cr2O3 1058 Graphene-Cr2O3 
nanosheets[33] 
Iron oxides Fe2O3 1007 Fe2O3-graphene 
sheet[34] 
 Fe3O4 926 Fe3O4/C composite 
microspheres[35] 
Cobalt oxides Co3O4 890 porous Co3O4 hollow 
nanospheres[36] 
 CoO 715 CoO@C[37] 
Nickel oxide NiO 718 Ni/NiO-graphene 
composite[38] 
Copper oxide CuO 674 CuO nanowires[39] 
Ruthenium  
oxide 













Insertion reaction mechanism 
Several transitional metal oxides can store Li ions using the insertion 
reaction mechanism. These materials are attractive anode materials for 
rechargeable LIBs due to their low cost and non-toxicity. For example, 
molybdenum oxides (MoO2 and MoO3) with the layered structure have been 
studied as the anode materials.[41,42] TiO2 has various polymorphs such as 
anatase, rutile, and TiO2-B. TiO2-B is generally regarded as the good Li-
insertion host, because it has not only a low voltage insertion host for Li-ions 
but also a layer structure for fast Li insertion/extraction kinetics. Qiu et al.[43] 
recently prepared nanostructured mesoporous TiO2 nanocrystals grown on 
graphene that exhibited high Li-storage capacity and excellent cycling 
performance. The structure of the TiO2 provided effective pathways for high-
rate performance. 
In recent years, spinel Li4Ti5O12 has attracted much attention due to their 
good reversibility and high operating voltage. The crystal structure of 
Li4Ti5O12 can be seen in Figure 1.3 and Figure 1.4,[44, 45] the (32e) positions 
are occupied by oxygen atoms, 5/6 of the (16d) positions are taken by Ti 
atoms and the rest of the 16d positions are taken by Li atoms, forming a stable 
[Li1/3Ti5/3]16dO4 framework. The tetrahedral (8a) sites are occupied by Li 
atoms while the octahedral (16c) sites are empty, and the structure is denoted 
as [Li]8a[Li1/3Ti5/3]16dO4.[46] During the process of intercalation, the inserted Li 
ions along with residential Li ions in the tetrahedral (8a) sites are added into 
the octahedral (16c) sites. Since the amount of octahedral (16c) sites are twice 
as that of tetrahedral (8a) sites, it was believed that only 3 moles of Li could 
be intercalated. Therefore, the theoretical capacity of Li4Ti5O12 is 175 mAh g-1 















Figure 1.3 Crystal structure of Li4Ti5O12. (Reprinted with permission.[44] 







Figure 1.4 (a) Spinel structure of Li4Ti5O12. Blue tetrahedra represent lithium 
while green octahedra represent disordered lithium and titanium. (b) Rocksalt 
structure of Li7Ti5O12. However, the rock salt phase (Li7Ti5O12) still has 
tetravalent Ti ions that could potentially accept electrons. (Reprinted with 







Unfortunately, the electronic structure of Li4Ti5O12 characterized by empty 
Ti 3d-states with band gap energy of 2~3 eV gives an insulating character to 
this material. Therefore, poor electrical conductivity and low lithium diffusion 
coefficient of Li4Ti5O12 might not be enough for high current applications. To 
improve the conductivities, several effective ways have been proposed.  
(1) Size and morphology control 
The first generation Li-ion batteries often suffer from slow lithium ion 
diffusivity and low power density owing to utilization of millimeter-sized 
anode particles. In contrast, active metal oxides nanoparticles can lead to very 
short lithium ion diffusion lengths, thus significantly reducing the 
characteristic time constant for the lithium ion diffusion process and 
improving the rate capability of anode. Furthermore, nanosized metal oxide 
particles are proven to accommodate strain generated by volume changes 
during the charge/discharge process.  
Considerable efforts have been devoted to exploring new strategies to tailor 
the size of spinel Li4Ti5O12 and improve its electrochemical properties. For 
example, Iversen et al. discussed the relationship between the particles, 
crystallinity and electrochemical performance.[47] The results indicates that ~9 
nm particles with high crystallinity have better rate ability and cycle ability 
than particles with smaller crystallite size and low crystallinity, and larger 
particles with high crystallinity. This emphasizes the strong need for synthesis 
methods that provide accurate control over particle characteristics. 
The morphology has also played a key role in the battery performance. 
Li4Ti5O12 nanowires,[48] nanorods,[49] nanofibers,[50] and nanoplates,[51] have 
been synthesized to achieve high-rate capacity.  
(2) Ion doping  
The electronic conductivity of pristine Li4Ti5O12 is extremely low (< 10-13 S 
cm-1). With lithium insertion, the spinel phase is transformed into rock salt 
phase (Li7Ti7O12) with mixed Ti4+/Ti3+ valence. The mixed valance Ti in 
Li7Ti5O12 induces electronic conductivity at the surface of Li4Ti5O12 particles, 
thus facilitating rapid transfer of electrons through the external circuit. During 
subsequent Li extraction, an insulating Li4Ti5O12 phase is formed again, 
limiting the rate of electron transfer. Tremendous efforts have been made to 





ions on Li, Ti or O sites. Doping can also influence the structure and stability 
during the lithium intercalation and deintercalation. 
A variety of cations and anions including Mg2+[52], Al3+[53], Cr3+[54], La3+[55], 
Ru4+[56], Sr2+[57], Ni2+[58], Y3+[59], Zr4+[60], Zn2+[61] and F-[62] were doped in Li+, 
Ti4+ and O2- sites and related investigations in structural properties, ion 
valence and distribution and conductive characteristics are also performed. 
Though doping, the electronic conductivity can be improved, thus the rate 
performance and cycling performance can be improved. 
(3) Surface modification  
Surface modification by means of carbon, metal and inorganic/organic 
compounds offers an effective way to improve electronic conductivity and 
lithium ion diffusion rate of the anode material. 
Carbon materials modification is widely used for improvement of battery 
performance.[63-71] For instance, Luo et al. found that the Li4Ti5O12/C nanorods 
with rapid ionic and electronic diffusion exhibit greatly enhanced lithium 
storage properties compared to the pure Li4Ti5O12 nanoparticles.[72] Guo et al. 
prepared carbon-coated Li4Ti5O12 by using amphiphilic carbonaceous material 
as a carbon precursor, and the initial discharge capacity of carbon-coated 
Li4Ti5O12 at 20 C rate is 137 mAh g-1 and remains as high as 125 mAh g-1 
after 100 cycles (91% retention), exhibiting good rate and cyclic performance. 
In addition, Li4Ti5O12/carbon nanotubes composite[73-75] and graphene-
wrapped Li4Ti5O12 particles[76, 77] can also exhibit good rate and cycling 
performance. 
TiO2,[78] AlF3,[79] ZrO2,[80] Ag,[81] and Au[82] could also modify the surface of 
Li4Ti5O12. The introduction of the second phase can improve the electronic 
conductivity of Li4Ti5O12, thus improve the rate and cycling performance. For 
example, with the growth of Ag on the surface of Li4Ti5O12, this electrode 
could show increased reversible capacity and remarkably high rate capability 















Figure 1.5 (a) Discharge-charge curves in the first cycle; (b) Rate 
performance and coulombic efficiency (inset) of Li4Ti5O12 nanofibers and Ag-











Recently, metal-air battery has attracted much attention as an alternative to 
lithium-ion battery owing to its significantly high energy density and reducing 
environmental footprints. Moreover, a wide selection of different anode metals 
is exceptionally appealing, which allows to adjust its energy storage capacity 
in a wide range for targeting specific applications. 
1.5.1 Principle	of	metal‐air	battery	
The structure of metal-air battery is similar to that of Li-ion battery. The 
metal-air battery is composed of a metal anode, an air-electrode and a 
separator soaked in metal-ion conducting electrolyte, as shown in Figure 
1.6.[83]  
Among metal-air batteries, metals such as Ca, Al, Fe, Cd, Zn and Li are 
appropriate. However, Zn-air and Li-air batteries have attracted the most 
attention, thus many reviews provide the developments of electrode and 
electrolyte materials for both batteries over the past decade.[83-87] 
Zinc-air batteries in particular have powerful potential for use as alternative 
energy storage devices. The reaction should be expressed as the equations:[83]  
Anode reaction: Zn → Zn2+ + 2e− 
                           Zn2+ + 4OH-→ Zn(OH)42− (Eo = -1.25 V vs. NHE) 
                           Zn(OH)4 2−→ ZnO + H2O + 2OH− 
                           Zn + 2H2O →Zn(OH)42− + H2↑ (also possible) 
Cathode reaction: O2 + 2H2O + 4e− → 4OH− (Εo = 0.4 V vs. NHE) 
Overall reaction: 2Zn + O2 → 2ZnO (Eo = 1.65 V) 
During the discharging process, oxygen from the atmosphere diffuses into 
the porous carbon electrode by difference in pressure of oxygen between the 
outside and inside of the cell, and then the catalyst facilitates the reduction of 
oxygen to hydroxyl ions in the alkaline electrolyte, the electrons are generated 
from the oxidation of zinc metal as the anode reaction to form the electronic 
current. The generated hydroxyl ions transfer from the air cathode to the zinc 
anode to complete the battery reaction. The charging process is the reversible 





With respect to Li-air batteries, they are more complicated. According to 
the species of electrolyte, they can be divided into four types as follows:  
Li salts are dissolved in (i) nonaqueous (aprotic) solvents; (ii) aqueous 
solvents; (iii) hybrid (non-aqueous/aqueous) solvents; and (iv) solid-state 
electrolyte.  
It should be noted that all four systems use Li metal and oxygen gas as 
anode and cathode materials, respectively. (Figure 1.7) However, their 
reaction mechanisms are different owing to the various electrolyte used.  
The reaction should be expressed as the equations:[84] 
In the aqueous system:  
4Li+O2+2H2O→4LiOH (Eo = 3.35 V vs. Li/Li+) 
Whereas in the non-aqueous system: 
4Li+O2 →2Li2O (Eo = 2.91 V vs. Li/Li+) 
2Li+O2 →Li2O2 (Eo = 2.96 V vs. Li/Li+) 
The overall reactions seem to be the simple equations, but the cathode 
reaction is far from having been definitively and quantitatively clarified. Like 
the oxygen reduction in aqueous media, the cathode reaction in aprotic 
electrolytes is a very complex process involving stepwise reactions and several 
oxygen-containing species. Moreover, Li is much more active and sensitive to 

















Figure 1.6 The structure of the metal-air battery. (Reprinted with 




Figure 1.7 Schematic cell configurations for the four types of Li-air battery. 







Generally, oxygen gas serves as a cathode material in Li-air batteries with 
porous carbon and catalyst composites as the Li2O2 reservoir. On the other 
hand, Li metal is used as the anode to provide Li source. An open system with 
the additional components such as air-dehydration membranes is required in 
Li-air batteries to obtain oxygen from the air, which differs from the Li-ion 
batteries. The non-aqueous electrolyte system was first demonstrated by 
Abraham et al.[88] who suggested the stepwise reaction mechanism. 
Accordingly, these batteries can be indirectly rechargeable. In 2006, Bruce 
and co-workers[89] demonstrated sustainable cycling of a Li-O2 battery for tens 
of cycles. Despite advances, electrically rechargeable metal-air batteries 
currently remain at an infant stage. 
1.5.2 Catalysts in air electrodes for metal‐air	battery	
Like other battery technologies, metal-air battery is also facing a series of 
challenges which influence its further practical application. The main 
problems are low utilization eﬃciency of the anode, sluggish kinetics of the 
cathode, and the selection of the suitable electrolyte, which results in limited 
practical energy density. In other words, the electrode material and electrolyte 
influences the final battery performance. Herein, I will only focus on the 
catalyst for the cathode rather than cover all these parts. 
For the air cathode, the major obstacles are the intrinsic slow reactions, high 
overpotentials, and poor reversibility of oxygen chemistry. The air electrode 
has a profound effect on the performance of metal-air batteries. As indicated 
in the principle for the metal-air battery, the cathode reaction is considered as 
a catalytic electrochemical process. Therefore, the battery performance is 
strongly depends on the electrocatalyst in the air electrode. In the recent years, 
considerable efforts have been devoted to development of high efficient 
electrocatalysts. 
A variety of materials have been employed as the cathode catalysts, ranging 
from noble metals and metal alloys to carbons, transition-metal oxides and 
metal macrocyclic compounds. Review on the cathode electrocatalysts can be 





materials and examples are discussed, focusing on the most recently reported 
progress in metal-air batteries. 
1.5.2.1 Noble metals and alloys	
Noble metals, such as Pt and Pd, have been intensively studied as oxygen 
reduction reaction (ORR) catalysts for many decades, due to their high 
stability and superior electrocatalytic activity. As is well known, Pt is often 
chosen as a benchmark material in current studies of alternative catalysts. 
Platinum nanoparticles well dispersed on high-surface-area support (e.g., 
carbon) are regarded as the state-of-the-art ORR electrocatalysts. However, 
the scarcity and cost of Pt is the bottleneck for the wide application. In order to 
solve the problem, the best method is to reduce the noble metal loading of Pt-
based catalysts.  
Besides the size and morphology control, composition structure can 
definitely reduce the loading of the Pt. The scientists have devoted great effort 
to this field. They prepare the non-noble metal together with Pt to form the 
alloy including PtCu[92], PtNi/Pt[93], PtCo[94, 95], Pt2IrCo and Pt2IrCr[96]. All the 
alloys show good ORR activity. 
Considering the practical application of noble metal-based catalysts in 
metal-air batteries, their repeated or recyclable use should be imperative. 
However, satisfactory cycling performance of metal-air batteries is still in a 
formidable challenge. To realize the cycling of the battery, a bifunctional 
catalyst for both ORR and oxygen evolution reaction (OER) activity is needed.  
It is possible by combing one metal that is highly active for the ORR and 
another metal that is highly active for the OER to form a bifunctional catalyst. 
Indeed, Shao-Horn’s group successfully designed highly active bifunctional 
catalysts by combining Au and Pt on Vulcan carbon to yield 40 wt% 
PtAu/C.[97] As shown in Figure 1.8, the novel catalyst showed consistently 
higher discharge voltage than that of pure carbon, and much lower charge 
voltage than that of pure carbon. The reported round trip efficiency (73%) was 
much improved compared to that of bare carbon cathode (57%). In addition, 
the discharge voltage of PtAu/C was comparable to that of Au/C and the 





contribute to the ORR and OER kinetics, respectively, which indicates PtAu/C 
is an effective bifunctional catalyst for oxygen reduction and evolution 
reactions. When current densities were decreased, the difference between 






























Figure 1.8 (a) Li-O2 cell first discharge/charge profiles of carbon at 85 mA/g 
carbon and of Au/C, Pt/C, and PtAu/C at 100 mA/g carbon; (b) Li-O2 cell 
discharge/charge profiles (first cycle) of PtAu/C at 50, 100, and 250 mA/g 
carbon; (c) ORR and OER activity of PtAu/C. (Reprinted with permission.[97] 











In the past years, various carbon materials have emerged as an alternative to 
metal-free electrocatalysts for oxygen reduction in the Li-air batteries owing to 
their high specific surface area, light weight and the low fabrication cost. Up 
to now, various commercially available carbon materials, including activated 
Ketjen Black (KB), carbon nanotubes (CNTs), N-doped CNT, graphene have 
been employed in Li-air battery. Ketjen black exhibited the discharge capacity 
of 851 mAh g-1, CNT had the capacity of 590 mAh g-1, while the capacity for 
N doped CNT and graphene showed the capacity of 866 and 9000 mAh g-1, 
respectively.[98,99] Furthermore, S-doped graphene sheet (S-GNS) was also 
investigated.[100] From Figure 1.9, the initial discharge capacity of S-GNS 
electrode was about 4300 mAh g-1, which was lower than that of the pristine 
graphene electrode (8700 mAh g-1). However, the initial charge capacity of the 
S-GNS electrode was about 4100 mAh g-1, while it was only around 170mAh 
g-1 for the pristine graphene electrode. Moreover, the discharge capacities in 
the second cycle of the sulphur-doped and pristine graphene electrodes were 
3500 and 220 mAh g-1, respectively. The S-doped graphene obviously had 
better OER activity than the pristine graphene. 
Developing noble metal-free cathode catalysts with high performance is the 
effective solution to the obstacle of Pt cost and scarcity. The carbonaceous 
materials are very inexpensive, and it can be either used as catalyst supports or 
as metal-free catalysts in electrocatalytic chemistry of oxygen. Carbon 
materials generally provide notable advantages such as low cost, wide 
availability, wettability, large surface areas, high electrical conductivity and 
good stability. The most developed cathode catalysts are usually supported on 
carbon with nanoscale particle size and good dispersion. The graphitic 
materials, such as carbon nanotubes and graphene nanosheets, are suitable for 
















Figure 1.9 (a) SEM image and (b) EDS mapping of sulphur-doped graphene; 
Discharge-charge curves of (c) sulphur-doped and (d) pristine graphene 
electrodes at a current density of 75 mA g-1. Inset of (d) is an enlarged figure 
of the charge curve for the 1st cycle. (Reprinted with permission.[100] Copyright 

















Transition-metal oxides are widely investigated as cathode electrocatalysts 
due to their prominent advantages including high abundance, low cost, and 
environmental friendliness. Among the transitional metal catalysts, MnO2-
based materials have been also widely used as catalyst in Li-air battery.[101, 102] 
Park and co-workers reported that the performance of Li-air battery is strongly 
dependent on the morphology of catalysts by comparing the MnO2 nanowires 
and nanopowders. They found that the nanowire is more advantageous in 
offering sufficient active areas and secure paths for electrolytes in the carbon 
matrix.[101] Jung et al. reported that the Au/MnO2 and Pd/MnO2, as an 
excellent bi-functional catalyst for ORR and OER, leaded to the reduced 
discharge-charge overpotentials.[102]  In addition, the other metal oxides, such 
as Fe3O4, NiO, CuO and Co3O4, have also been used as the catalysts in Li-air 
battery. Co3O4 showed the best compromise between the discharge capacity 
and the retention.[103] 
In addition to the binary oxides, some complex oxides also exhibit good 
catalytic performance. CoMn2O4 nanoparticles with high surface area, 
numerous defects and abundant vacancies show remarkable reactivity toward 
the ORR/OER couple.[104] Wang et al. constructed CoMn2O4 spinel 
nanoparticles/grapheme (CMOG) as bifunctional catalyst, and studied their 
application in Li-air battery.[105]  The results were shown in Figure 1.10. 
Surprisingly, a CMOG-based carbon air electrode exhibited as high a 
discharge capacity as 3000 mAh g-1 on the first cycle. Notably, the battery 
could be cycled at a constant current density of 0.2 mA cm-2, which was 
higher than that under a very low current density. Recently, Prabu et al. 
prepared a nitrogen-doped/undoped thermally reduced graphene oxide (N-rGO) 
decorated with CoMn2O4 (CMO) nanoparticles. The CMO/N-rGO hybrid was 
used as bifunctional catalyst for rechargeable Zn-air battery.[106] The battery 
showed outstanding discharge and charge performance while maintaining 
good stability when operated over 200 cycles.  
Chen et al. developed a new class of core-corona bifunctional catalyst 
(CCBC), where the design was based upon a highly ORR active nitrogen-





lanthanum nickelate (LaNiO3) derived core component. It can greatly improve 
the cycling performance in rechargeable Zn-air battery.[107] 
From the above examples, carbon materials supported metal oxides, which 
have the bifunctional catalytic activities, usually have good cycling 








































Figure 1.10 (a) Voltage profiles of first two cycles and cycling performance of 
non-aqueous electrolyte Li-air cell charge and discharged at 0.2 mA cm-2.  (b) 
Voltage profiles at different current density of rechargeable lithium-air cell 












In view of the above review, different materials have been explored as 
electrode materials for Li-ion battery and metal-air battery for several years. 
However, it is worthwhile to point out that there are still many challenges in 
the practical applications. The research gaps of the current study are 
summarized below: 
 The energy efficiency is relatively low due to large polarization losses 
for charge and discharge at high cycling rates. Also, the cycling life is 
limited due to capacity fading with cycling. Moreover, safety is also 
limited if the voltage is too low, which is close to the production of the 
lithium dendrite.  
 The metal-air battery often suffers from low practical energy density 
(than the theoretical one), large polarization resistance during both 
discharge and charge process and poor cycling performance. These 
problems are primarily due to the inefficiency of the air electrode, 
including insufficient transport of oxygen through the pores and 
deposition of insulating products on active sites for oxygen reduction 
and evolution reaction. Therefore, high-performance bifunctional 
catalysts with low cost should be developed. 
This research work primarily focuses on developing some novel electrode 
materials for Li-ion batteries and metal-air batteries with high performance. 
The research objectives are broken down into following points: 
 to develop high-rate performance anode materials for Li-ion battery 
 to develop the bifunctional catalysts for Zn-air battery  
 to develop the bifunctional catalysts for Li-air battery  
Specially, my research mainly includes the carbon coated Li4Ti5O12 anode 
materials for the Li-ion battery and the novel bifunctional MnO2/Co3O4 and 
Ag1.6Mn8O16/rGO catalysts for the metal-air battery.  
The results of this present study may have significant impact on the further 
application of the batteries. The carbon coated Li4Ti5O12 with high-rate 
capacity could be a promising anode material in Li-ion battery for electric 
vehicles in the future. Moreover, MnO2/Co3O4 could be a bifunctional catalyst 





Ag1.8Mn8O16/rGO hybrid nanomaterial could be a very potential ORR/OER 
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Lithium-ion batteries (LIBs) are regarded as promising new power 
sources for hybrid electric vehicles and electric vehicles as well as for 
portable electronic devices due to their long cycle-life and high energy 
density. However, current LIBs using graphite as anodic material cannot 
meet the stringent requirements for high power application due to poor rate 
performance and safety concerns.[1-3] The Li-ion intercalation voltage of 
graphite is close to the lithium electroplating potential, which could cause 
serious safety issues.[4,5] Therefore, a key solution for these challenges is to 
use an electrochemical redox couple with higher equilibrium potentials, 
which makes Li dendrite formation thermodynamically less favourable. 
Spinel Li4Ti5O12 with the Ti4+/Ti3+ redox couple working at approximately 
1.55 V versus Li+/Li meets this requirement. However, spinel Li4Ti5O12 
suffers from poor electrical conductivity and low lithium diffusion 
coefficient, which lead to suppressed rate capability.[6,7]  
So far, many strategies have been reported for enhancing the rate 
capability of Li4Ti5O12, which include (a) enhancing the electronic 
conductivity and Li-ion diffusion by doping or surface modification and (b) 
reducing the particle size and increasing the surface area.[8-15] Particularly, 
the morphology of Li4Ti5O12 has great influence on its electrochemical 
properties, thus affects the battery performance. Nanostructured Li4Ti5O12 
with various morphologies can enhance kinetic performance by reducing 
the transport length of lithium ions and electrons.[6,7,14-20] Among the 
nanostructured Li4Ti5O12, spherical morphology shows great advantages, 
such as lower interfacial energy, high volumetric energy density and better 
fluidity characteristics,[17-20] which can be in favour of improving the 
battery performance. In addition, an electrode consisting of nano-
crystalline Li4Ti5O12 with three dimensional (3D) porosity is appealing 
since it can provide fast electronic conduction in the solid phase and ion 
conduction at reasonable rates in both solid and liquid phases. Therefore, 
the employment of mesoporous spherical Li4Ti5O12 to lithium ion battery 
can enhance the performance. 
In addition, carbon coated Li4Ti5O12 materials is considered to be the 





low cost.[21-28] The coated carbon improves the surface electronic 
conductivity and the electrical contact with electrolyte solution, thus leads 
to a significantly improved electro-chemical performance. Carbon coating 
on the Li4Ti5O12 can be achieved by directly adding carbon as reaction 
precusor,[21] using chemical vapor deposition (CVD) method[22] or by heat 
treatment of a mixture with an organic precursor at a high temperature 
under inert atmosphere.[23-28] Considering the effect and the flexibility of 
the method, heat treatment is simple with low cost. In detail, the effect 
mainly depends on the amount and the nature of carbon precursor. 
Thickness and uniformity of carbon layer is also key factor to obtain better 
performance. Therefore, forming a thin and uniform carbon layer on the 
Li4Ti5O12 surface is critical, in addition to choosing an appropriate carbon 
precursor to control nature of carbon layer coated.  
Herein, I report a strategy for the synthesis of and porous micro-
spherical Li4Ti5O12/C aggregates (LTO/C-PSA) for the first time using 
using porous spherical TiO2 (TiO2-PS) as titanium source, lithium acetate 
as lithium source and cetyltrimethylammonium bromide (CTAB) as carbon 
source, respectively. Without CTAB addition, porous micro-spherical 
Li4Ti5O12 aggregates (LTO-PSA) can be obtained. Both the synthesized 
LTO-PSA and LTO/C-PSA possess outstanding morphology with nano-
sized, porous and spherical distribution, which is benefical for achieving 
good electrochemical performances. The LTO-PSA and LTO/C-PSA used 
in LIBs exhibit the good performance including high reversible capacity, 
cycling stability and rate capacity. 
2.2 Experimental		
2.2.1 Materials		
Isopropyl alcohol (IPA), diethylenetriamine (DETA), lithium citrate and 
Titanium (IV) isoproxide (TIP), cetyltrimethylammonium bromide (CTAB), 
HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H (P123), nitric acid (69 
wt%, HNO3) were purchased from Sigma-Aldrich. Acetylene carbon black 
was purchased from Denka Company (Japan). The electrolyte, 1 M LiPF6 in a 





was brought from Hohsen Corporation (Japan). All chemicals were of 
analytical grade and were used without further purification. 
2.2.2 Synthesis	of	TiO2‐PS	and	LTO‐PSA	
The TiO2-PS was prepared using a method previously reported.[29] In a 
typical synthesis, 0.05 mL DETA was added to 70 mL IPA. After the 
solution was stirred for a few minutes, 2.5 mL TIP was added. The solution 
was then transferred to a 100 mL Teflon-lined stainless steel autoclave and 
kept in an oven at 200 °C for 24 h. The white precipitate was obtained via 
centrifugation, washed thoroughly with ethanol, and dried at 60 °C 
overnight. The product was calcined at 450 °C for 2 h with a heating rate of 
1 °C min-1 to obtain a highly crystalline anatase phase. Stoichiometric 
amount of lithium citrate was dissolved in 20 mL of deionized water, 
subsequently stoichiometric amount of TiO2-PS was added into the solution 
and stirred for 1 h. The mixture was then heated at 60 °C for 24 h, followed 
by calcination at 700 °C for 2 h under Argon to obtain LTO-PSA. 
2.2.3 Synthesis	of	LTO/C‐PSA	
The procedures of synthesis of LTO/C-PSA were similar to that of LTO-
PSA. The difference was CTAB, used as carbon source, was added to the 
lithium citrate solution. 
2.2.4 Synthesis	of	LTO‐SG	
For comparison, Li4Ti5O12 powders (LTO-SG) were also prepared by 
sol-gel method following a previously published procedure.[30] In a typical 
process, P123 aqueous solution was firstly prepared by dissolving 3 g P123 
in 30 mL ethanol, then 8.8 mL TIP and 6 mL HNO3 was slowly added into 
the solution respectively to obtain homogenous solution A. Then, 2.45 g 
CH3COOLi·2H2O was dissolved in 25 mL ethanol as solution B. Shortly 
thereafter, the solution B was added slowly to solution A, the mixed 
solution was magnetically stirred for 5 h at room temperature to get a 
transparent solution. After aging at 60 °C for 4 days in oven, the resulting 
gel was dried at 55 °C to remove the solvent. The gel was then calcined at 






The morphologies of the LTO-PSA and TiO2-PS were observed under a 
field-emission scanning electron microscope (FESEM, JEOL JSM 6700) at 
the accelerating voltage of 5 kV and a transmission electron microscope 
(TEM, Philips CM300) at 300 kV. X-ray diffraction (XRD) measurements 
were performed using a Bruker D8 Discover GADDS X-ray diffractometer 
with Cu Ka radiation. X-ray photoelectron spectroscopy (XPS) data were 
recorded with a Theta Probe electron spectrometer from Thermo Scientific 
using Al Kα (hν = 1484.6 eV) radiation. The binding energies were 
corrected by the C 1s line at 285.0 eV from adventitious carbon. Nitrogen 
adsorption and desorption isotherms at 77.3 K were obtained with a NOVA 
1000 surface area-pore size analyzer. The Brunauer-Emmett-Teller (BET) 
surface area was calculated from experimental points measured at a relative 
pressure of P/Po=0.05~0.35. Pore size distribution was calculated by the 
Barret-Joyner-Halenda (BJH) method. Thermogravimetry analysis (TGA, 
Q500) was carried out from room temperature to 800 °C at a heating rate of 
10 °C min-1 in air atmosphere. For the preparation of working electrodes, 
the active materials (80 wt%) were blended with 10 wt% carbon black and 
10 wt% poly(vinylidene difluoride) (PVDF) in 1-methyl-2-pyrrolidinone 
(NMP) to form a slurry. The slurry was spread onto Cu foil from a doctor 
blade, followed by drying in a vacuum oven at 120 ˚C overnight. The 
loading of Li4Ti5O12 on the working electrode was about 4 mg. Each coated 
electrode was assembled into a Swagelok Cell using the lithium as counter 
electrode, microporous polypropylene(Celgard® 2325, USA) as separator, 
and the electrolyte of 1 M LiPF6 in a 50:50 (w/w) mixture of ethylene 
carbonate (EC) and diethyl carbonate (DEC). Cell assembly was carried out 
in an argon-filled glove box with less than 1 ppm each of oxygen and 
moisture. Cycle life and rate capacity was measured by using a battery test 
system (MACCOR 4200) at the voltage range of 3.0~1.0 V(vs. Li+/Li). The 
electrochemical impedance spectroscopy (EIS) study was conducted using 
the Autolab electrochemical workstation under the frequency range of 








The preparation process for the LTO-PSA and LTO/C-PSA is illustrated 
in Figure 2.1. As shown in Figure 2.1a, porous spherical TiO2 was firstly 
prepared by self-assembling ultrathin TiO2 nanosheets as reported in 
literature.[29] Subsequently, the as-prepared TiO2-PS was submerged in 
lithium acetate solution. Finally, the lithium acetate impregnated porous 
TiO2 powder was heat-treated at 700 °C for 2 h in argon to form 
crystallized Li4Ti5O12 aggregates.  
In the case of LTO/C-PSA (Figure 2.1b), the prepared procedure was the 
same as LTO-PSA except the CTAB was first added in the lithium acetate 
solution before. After heat-treatment at 700 °C for 2 h in argon, carbon 





























Figure 2.1 Synthesis process of the porous micro-spherical Li4Ti5O12 
aggregates (LTO-PSA) (a) and carbon coated porous micro-spherical 








The morphology of the as-prepared TiO2 and LTO-PSA was 
characterized by FESEM and HRTEM, as shown in Figure 2.2. In Figure 
2.2a and b, both TiO2 and LTO-PSA show the micro-spherical morphology 
with an average diameter of 1.5 m. They have good uniformity. The 
constituent nanosheets are clearly visible and shown to adopt random 
orientations from a close observation. Generally, TiO2 nanosheets are easy 
to be formed in the presence of certain concentration of diethylenetriamine 
(DETA) in the solvothermal synthetic system. Large ultrathin TiO2 
nanosheets are highly flexible and can readily self-organize into different 
hierarchical architectures.[29] Adsorption of the lithium salt on porous TiO2 
spheres followed by thermal treatment (in an argon gas at 700 °C for 2 h) 
to form crystallized Li4Ti5O12 aggregates did not bring significant 
morphological changes (Figure 2.2b). The high magnification SEM image 
of LTO microspheres clearly demonstrates that the entire sphere is 
composed of numerous nanosheets (Figure 2.2c). HRTEM analysis was 
employed to determine the crystal facets. Figure 2.2d shows the HRTEM 
image of the LTO-PSA, and a lattice spacing of 0.481 nm corresponding to 





















Figure 2.2 SEM images of the porous microspheres of TiO2 (a) and LTO-
PSA (b); High magnification SEM image of the LTO-PSA (c); HRTEM 













Figure 2.3a is the XRD patterns of porous spherical TiO2 (TiO2-PS) and 
LTO-PSA. For TiO2 sample, all of the identified peaks can be perfectly 
assigned to anatase TiO2 (space group I41/amd, a = 3.785 Å, c = 9.514 Å, 
JCPDS card No. 21-1272). For LTO-PSA sample, pure-phase Li4Ti5O12 
was obtained, as demonstrated by all peaks in the XRD pattern of the 
product being well indexed as spinel Li4Ti5O12 (space group Fd3m, a = 
8.356 Å, JCPDS card No. 49-0207). The sharp diffraction peaks imply that 
the obtained TiO2 and Li4Ti5O12 are well crystallized. Nitrogen sorption 
isotherms were generated to investigate the porous structure and the 
Brunauer-Emmett-Teller (BET) surface areas of the LTO-PSA (Figure 
2.3b). It can be seen that the adsorption isotherm of LTO-PSA is of type IV 
according to the International Union of Pure and Applied Chemistry 
(IUPAC) classification, indicative of mesoporous material. The remarkable 
nitrogen uptake above the relative pressure of 0.65 is due to the capillary 
condensation of nitrogen in the mesoporous texture. The inset of Figure 
2.3b shows the pore size distribution curve derived from the BJH method, 
indicating that the pore size of LTO-PSA is centered at around 10 nm. The 
specific surface area and pore volume of LTO-PSA are 92 m2 g-1 and 0.31 
cm3 g-1, respectively. It is speculated that the increase of pore volume is 

























Figure 2.3 (a) XRD patterns of the porous spherical TiO2 (TiO2-PS) and 
LTO-PSA; (b) N2 adsorption/desorption isotherm of the LTO-PSA, the 













XPS was used to confirm the chemical state of the ions in the LTO-PSA. 
The detailed scan spectra from the LTO-PSA are given in Figure 2.4. The 
Ti(2p) signal of the Li4Ti5O12 spinel shows a Ti(2p3/2) peak centered at 
458.3 eV and a Ti(2p1/2) peak at 464.1 eV (Figure 2.4a). The observed 
binding energies of Ti(2p3/2) and Ti(2p1/2) values are in good agreement 
with the literature values,[5,31] indicating that the oxidation state of Ti-
cations in the sample Li4Ti5O12 could be recognized as Ti4+. The O(1s) 
photoelectron core level spectrum is shown in Figure 2.4b. The spectrum 
exhibits the main peak at a binding energy of 530.0 eV which derives from 
the oxygen associated to Ti-O in the synthesized material.[32] The peak at 
532.0 eV can be attributed to the oxygen and water molecules absorbed on 
the surface of the compound.  
For comparison, LTO-SG was also prepared by sol-gel method following a 
previous report.[30] As shown in Figure 2.5a, the LTO-SG is composed of 1~3 
µm microspheres and some dissociative nanoparticles. Figure 2.5b indicates 
that the spheres are aggregated by the small Li4Ti5O12 particles of 100~150 nm. 
TEM image (Figure 2.5c) further confirms this result. It is obvious that the 
size of the LTO-SG nanoparticles is larger than the size of nanosheets, which 
consists the LTO-PSA. Figure 2.5d shows the XRD pattern of this product. All 
the peaks are well in agreement with spinel Li4Ti5O12 (space group Fd3m, a 
= 8.356 Å, JCPDS card No. 49-0207). The sharp diffraction peaks also 
























Figure 2.5 SEM images (a-b) and TEM image (c) of the LTO-SG; (d) XRD 







To test the potential application of the LTO-PSA in LIBs, their 
electrochemical performance toward Li insertion/extraction was 
investigated. For comparison, the performance of Li4Ti5O12 powders (LTO-
SG) was also conducted. Figure 2.6a displays the charge/discharge curves 
of the LTO-PSA cycled at various current rates from 1 to 70 C. It can be 
found that the LTO-PSA exhibits very high capacity. A specific discharge 
capacity of 168 mAh g-1 is observed when the LTO-PSA is discharged at 1 
C and that using discharge rate of 10, 20, 30 and 50 C is 159, 151, 141 and 
113 mAh g-1, respectively. Figure 2.6b compares the rate capabilities of the 
LTO-PSA and the LTO-SG at different rates. The discharge specific 
capacities of the LTO-SG decrease significantly from 1 to 70 C, whereas 
those of the LTO-PSA decrease much more slowly at the same rate.  
Remarkably, at the highest rate of 70 C, the LTO-PSA still deliver a 
capacity of 77 mAh g-1, which is much higher than that of LTO-SG (ca. 8 
mAh g-1).  
Figure 2.6c shows the polarization of E versus rate plots of the LTO-
PSA and the LTO-SG electrodes. The values of E are defined as the 
differences between the potentials of charge plateaus and discharge 
plateaus. The two curves exhibit a pseudo-linear ohmic loss behavior. The 
larger slope means the more charge transfer resistance, which causes the 
relative low rate capacity. This result is in good agreement with Figure 2.6b. 
In order to demonstrate the excellent cycling stability, long cycling tests 
of the LTO-PSA electrode under 1, 10 and 30 C were examined in Figure 
2.6d. The initial discharge capacities of the LTO-PSA at 1, 10 and 30 C are 
168, 159 and 141 mAh g-1, respectively, and the retained discharge 
capacities after 200 cycles are 154, 144 and 126 mAh g-1. The capacity 
retention ratios for 1, 10 and 30 C are 91.7, 90.6 and 89.4%, respectively. 














Figure 2.6 (a) Charge/discharge curves of the LTO-PSA cycled at various 
current rates; (b) Rate and cycling performances of the LTO-PSA and LTO-


















To clarify the origin of the excellent rate capability and cycling property 
of the LTO-PSA, electrochemical impedance spectroscopy (EIS) 
experiments of the LTO-PSA and the LTO-SG electrodes were carried out 
(Figure 2.7a). The EIS results were simulated by Z-view software using the 
equivalent circuit as shown in the inset of Figure 2.7a. According to the 
equivalent circuit, the intercept at the Z’ axis in high frequency is attributed 
to the ohmic resistance (Ro), representing the resistance of the electrode 
and electrolyte. The semicircle in the middle frequency range is associated 
with the charge-transfer resistance (Rct) and the constant phase element 
(CPE). The CPE is used to take into account the roughness of the particle 
surface instead of a double-layer capacitance (Cd).[33-35] The slope line at 
low frequency corresponds to the Warburg impedance (Zw), which is 
related to the lithium ion diffusion within the particles. Figure 2.7a shows 
that the Ro of the LTO-PSA is similar to that of the LTO-SG, indicating 
that the electronic conductivity of both electrodes is almost same. In 
contrast, the Rct (36.7 ) of the LTO-PSA is much less than that (124.8 ) 
of the LTO-SG, indicating that the LTO-PSA may aid in reducing 
polarization. 
To further study the lithium ion diffusion within the particles, the 
profiles of the real axis (Z’) versus the reciprocal square root of the lower 
angular frequencies (-1/2) are plotted as shown in Figure 2.7b. It should be 
noted that the lithium ion diffusion within the particles here can be ascribed 
as the Warbug diffusion. According to the  relation between the real axis 
and the reciprocal square root of the lower angular frequencies (equation 1) 
and definition of diffusion coefficients (equation 2), the diffusion 
coefficients (D) of the lithium ion diffusing into the bulk electrode 
materials can be calculated.[36] 
             Z’ = Ro + Rct + w -1/2                                               (1) 
             D = R2T2/2A2F4C2w2                                                 (2) 
    where R is the ideal gas constant, T is the absolute temperature, A is the 
surface area of the electrode, F is the Faraday constant, C is the 





obtained from the slope of Z’ versus the reciprocal square root of the lower 
angular frequencies (-1/2; Figure 2.7b).  
As can be clearly seen in Table 2.1, the D of the LTO-PSA is larger by ~12 
times than that of the LTO-SG. Therefore, I believe that the three dimensional 
mesoporous structure and the numerous small Li4Ti5O12 nanosheets can 
facilitate the fast transfer of lithium ion and electron. In addition, the presence 
of abundant mesopores also provide large surface area which increases the 
electrolyte-electrode contact area leading to a decrease in the current density 
per unit surface area and an increase in the charge-discharge rate.[7,37] 
Numerous small Li4Ti5O12 nanosheets can facilitate lithium ion and electron 
transfer in nanostructured electrodes compared to the LTO-SG particles with 
the large size and less pores (see Figure 2.5).  
For the LIB electrodes, during charging and discharging electrical energy 
by intercalation and deintercalation of lithium ions and electrons, the electrons 
and Li ions must reach or leave the reaction point in the active material 
simultaneously. Thus, the active material with an excellent rate charge and 
discharge performance must have both high electronic and ionic conductivity. 
The simulated results of the LTO-PSA suggest that the transport number of the 
Li ion can satisfy the reaction requirement at high charge and discharge rate. 
Our results were also compared with the previous results reported by Xia et 
al.[38] and Duh et al.[39]. They also demonstrated that mesoporous or 
nanoporous architectures can effectively improve electrode rate performance. 
However, the more superior results about the LTO-PSA at high rates may be 
attributed to three dimensional mesoporous structure and small Li4Ti5O12 














Figure 2.7 (a) EIS experiments of LTO-PSA and LTO-SG. The inset shows 
the equivalent circuit for the plot fitting. (b) Relationship between real 






Table 2.1 Simulation results for the EIS experiments shown in Figure 2.7. 
[a] the ohmic resistance. [b] the charge-transfer resistance. [c] the Warburg 







Samples Ro()[a] Rct ()[b] w(cm2s-0.5) [c] D(cm2s-1) [d] 
LTO-PSA 7.6 36.7 11.1 2.81 × 10-10 






In order to further improve the electrochemical performance, the carbon 
coated LTO-PSA was prepared. As shown in Figure 2.8a, the morphology of 
the as-prepared product was characterized by the SEM and TEM images. It is 
obvious that the typical diameter of the LTO/C-PSA microspheres is in the 
range of 0.5~1.5 m. The outer surface shows a highly rough surface. The size 
of LTO/C microspheres is a little smaller than that of LTO-PSA, which is 
owing to the simultaneously growth of mesoporous LTO and coated carbon. 
The existence of carbon may hinder the growth of the LTO spheres. Figure 
2.8b and c are the typical images of a single LTO/C mesoporous sphere. It can 
be found that the spheres are composed of numerous small crystallites, which 
is similar to the LTO-PSA. Moreover, in order to demonstrate the carbon 
distribution of the carbon layer on/in Li4Ti5O12 spheres, EDX mapping of C, O 
and Ti was carried out. The uniform distribution of carbon-coating can be seen 
in Figure 2.8c-f, which can greatly enhance the electronic conductivity of the 
hybrid materials. 
The XRD pattern of the LTO/C-PSA is shown in Figure 2.9a. Similarly, all 
peaks of the product can be well ascribed as spinel Li4Ti5O12 (space group 
Fd3m, a=8.356 Å, JCPDS card No. 49-0207). However, no significant 
peaks of carbon can be observed, which is owing to its low content and 
amorphous state. To further confirm the carbon content of the samples, 
TGA test was conducted from room temperature to 800 °C at 10 °C/min in 
the air. As shown in Figure 2.9b, the TG analysis shows the carbon content 
of the LTO/C-PSA is about 3.39 wt%.  
Nitrogen sorption isotherms were generated to investigate the porous 
structure and the BET surface areas of the LTO/C-PSA. Table 2.2 indicates 
the BET area and average pore size of LTO-PSA and LTO/C-PSA. The 
specific surface area and average pore size of LTO/C-PSA are 125 m2 g-1 
and 8 nm, respectively. Surpringly, with the carbon coating, the surface 
area increases. This is owing to the carbon coating suppresses the particle 
growth which leads to uniformly agglomerated particles that result in large 
surface area. The microspheres with mesoporous structure inside offer the 
















































Figure 2.8 SEM images of the LTO/C-PSA (a-b); Elemental mapping of 
LTO/C-PSA: bright-field TEM image of LTO/C-PSA and corresponding C, O 















Figure 2.9 (a) XRD pattern of LTO/C-PSA; (b) TG curves of LTO/C-PSA 




Table 2.2 BET surface area and pore size of the LTO-PSA and LTO/C-
PSA samples. 
 
Samples BET area 
(m2 g-1) 
Pore volume  
(cm3 g-1) 
Average pore size  
(nm) 
LTO/C-PSA 125 0.48 8 









To test the potential application of the LTO/C-PSA in LIBs, their 
electrochemical performance toward Li insertion/extraction was evaluated. 
Figure 2.10a displays the charge/discharge curves of the LTO/C-PSA 
cycled at various current rates from 1 to 70 C. It can be found that the 
LTO/C-PSA exhibits very high capacity. A specific discharge capacity of 
170 mAh g-1 is observed when the LTO/C-PSA is discharged at 1 C and 
that using discharge rate of 10, 20, 30, 50 and 70 C is 160, 152, 143, 125 
and 101 mAh g-1, respectively. Figure 2.10b reveals the rate capabilities of 
the LTO/C-PSA at different rates. The LTO/C-PSA decrease slowly. 
Compared with the performance of LTO-PSA (Figure 2.6), the capacity of 
the LTO/C-PSA is comparable to that of LTO-PSA at lower rate. But at the 
higher rate of 50 and 70 C, the LTO/C-PSA still deliver a capacity of 125 
and 101 mAh g-1, which is higher than that of LTO-PSA. 
Figure 2.10c displays the polarization of E versus rate plots of the 
LTO/C-PSA electrodes. The values of E are defined as the differences 
between the potentials of charge plateaus and discharge plateaus. The curve 
also exhibits a pseudo-linear ohmic loss behavior. The values of E is 
similar to that of The larger slope means the more charge transfer 
resistance, which cause the relative low rate capacity. This result is in good 
agreement with Figure 2.6b. 
In order to demonstrate the excellent cycling stability, long cycling tests 
of the LTO/C-PSA electrode under 1, 10 and 30 C were examined in Figure 
2.10d. The initial discharge capacities of the LTO/C-PSA at 1, 10 and 30 C 
are 169, 160 and 143 mAh g-1, respectively, and the retained discharge 
capacities after 200 cycles are 161, 150 and 139 mAh g-1. The capacity 
retention ratios for 1, 10 and 30 C are 94.7, 93.7 and 92.3%, respectively. 
As a result, LTO/C-PSA exhibits an better cycling performance than LTO-
PSA. 
It is obvious that the performance of the LTO/C-PSA is better than LTO-
PSA. The greatly enhanced rate capability and cycling performance may be 
attributed to the improved electrical conductivity by carbon addition, which 
lowers the charge transfer resistance and diffusion impedence. The electronic 





surface accept the electron efficiently. Simultaneously, the thin coating 
layer is also permeable for the Li-ion accessibility. On the other hand, the 
larger surface area can facilitate the contact of electrolyte and particles during 
the Li+ insertion/extraction process. In addition, the results of the LTO/C-PSA 
at these high rates are also better than those of Zhang et al.[40] and Kim et al.[41], 
which indicates that the LTO/C-PSA could be a very promising anode 



































Figure 2.10 (a) Charge/discharge curves of the LTO/C-PSA cycled at various current 
rates; (b) Rate and cycling performances of the LTO/C-PSA; (c) Plots of E versus C 

















In this research, porous micro-spherical Li4Ti5O12/C aggregates (LTO/C-
PSA) have been successfully prepared for the first time using porous spherical 
TiO2 (TiO2-PS) as titanium source, lithium acetate as lithium source and 
cetyltrimethylammonium bromide (CTAB) as carbon source followed by 
calcinations. Without CTAB addition, porous micro-spherical Li4Ti5O12 
aggregates (LTO-PSA) can be obtained. Both the synthesized LTO-PSA and 
LTO/C-PSA have excellent electrochemical profiles including high reversible 
capacity, good cycling stability and impressive rate capacity. The specific 
capacity of the LTO-PSA and LTO/C-PSA at 30 C is as high as 141 and 143 
mAh g-1, respectively, while that of the normal LTO-SG can only achieve 100 
mAh g-1. At the highest rate of 70 C, the LTO-PSA and LTO/C-PSA still 
respectively delivers a capacity of 77 and 101 mAh g-1, which is much higher 
than that of LTO-SG (ca. 8 mAh g-1). Moreover, the cycling performance of 
LTO/C-PSA is superior to that of LTO-PSA. 
The excellent electrochemical performance of LTO-PSA and LTO/C-PSA 
may be ascribed to the following considerations: (i) three dimensional 
mesoporous structure facilitates the infiltration of electrolyte into the LTO 
particle; (ii) small LTO nanocrystallites can shorten transport path lengths of 
lithium ions and electrons to maintain fast ionic conduction throughout the 
electrode; (iii) large surface area can also facilitate the contact of electrolyte 
and particles during the Li+ insertion/extraction process. 
 In addition, the better performance of LTO/C-PSA may be ascribed to the 
surface carbon coating which can significantly improved electronic 
conductivity of LTO microspheres.  
The high performance of LTO/C-PSA could be a promising anode material 
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Zinc-air batteries (ZABs) have drawn increasing attention in recent years 
due to their environmentally benign manufacturing, low operation risks, and 
high specific energy.[1-3] ZABs are mainly composed of three parts: zinc metal 
as the anode, an air electrode as the cathode, and a membrane that separates 
the anode and the cathode. In ZABs, oxygen in gas phases such as air is 
applied due to the limited solubility of oxygen molecules in solvents at 
atmospheric pressure. The diffusion of the oxygen from the atmosphere into 
air electrode is triggered by different oxygen pressure between the outside and 
inside of the cell. Subsequently, the catalyst facilitates the reduction of oxygen 
to hydroxyl ions in an alkaline electrolyte with electrons generated from the 
oxidation of zinc metals as the anodic reaction. Despite their enormous 
promise for commercialization, there are several major technical challenges 
associated with ZABs. Critical challenges limiting the practical use of this 
technology include sluggish oxygen reduction reaction (ORR), low oxygen 
evolution reaction (OER) kinetics, and large overpotential. Therefore, a key 
solution is to develop novel bifunctional electrocatalysts that are effective for 
both ORR and OER processes. 
The air electrode is known as a strongly irreversible system with a high 
activation overvoltage in aqueous solutions. Although noble metal catalysts 
such as platinum have high reactivity for ORR and OER, the cost of 
manufacturing noble metal based air cathode is high. Benefiting from 
relatively facile oxygen reduction in alkaline solution, ZABs utilizing alkaline 
solutions do not need a pure noble metal catalyst.[4,5] Non-precious metal 
catalysts include organometallic compounds,[6] transition metal oxides (such 
as perovskite, pyrochlore, spinel, individual oxides, and their mixtures)[7-17] 
and carbon based materials (like graphene and nitrogen-doped carbon 
nanotubes)[18,19] could be used for achieving excellent performance of ZABs. 
Among these non-precious metal catalysts, MnO2 is presently being 
considered as the most promising electrocatalyst toward the ORR in alkaline 
solutions because of its relatively high catalytic activity, good stability against 
corrosion, and low cost.[20] Besides, transition metal oxides, such as spinel 
Co3O4 and MxCo3-xO4 (M = Cu, Ni), could also be used as electrocatalysts for 





possesses high surface area, numerous defects and abundant vacancies, show 
remarkable reactivity toward the ORR/OER couple.[26] 
Alternatively, lithium air batteries (LABs) has also been the focus of a 
growing body of investigation in recent years due to their environmentally 
benign manufacturing, low operation risks, and high specific energy.[27-30] The 
theoretical specific energy of 11431 Wh kg-1, which is about ten times higher 
than that of conventional lithium-ion batteries. Similar to ZABs, the 
development of a high performance air-electrode governing the 
electrochemical reactions between Li and O2 is one of the most vital concerns 
in LABs. Among the transitional metal catalysts, MnO2 based materials have 
been also widely used as catalyst in LAB.[31-33] Park and co-workers studied 
the MnO2 nanowires and nanopowders for use in LAB, which indicates the 
correlation between the catalytic activity of the catalyst and their 
morphologies. They found that the nanowire is more advantageous in offering 
sufficient active areas and secure paths for electrolytes in the carbon matrix.[31] 
Jung et al. reported that the Au/MnO2 and Pd/MnO2, as an excellent bi-
functional catalyst for ORR and OER, leads to the reduced discharge-charge 
overpotentials.[32] Moreover, Co3O4 as catalyst for the LAB was already 
reported.[34] Co3O4 nanoparticles exhibit better catalytic performance than bulk 
Co3O4. 
I hence anticipate that the combination of MnO2 and Co3O4 nanocrystals 
could lead to the production of bifunctional electrocatalysts[35] with 
substantially improved electrocatalytic activity for both ORR and OER. In 
principle, this design concept can be applied to both one-dimensional (1-D) 
nanostructures such as nanofibers and zero-dimensional (0-D) nanostructures 
such as nanospheres. For air cathode, one-dimensional (1-D) fibers rather than 
zero-dimensional (0-D) particles as electrode catalysts offers several 
advantages: [36,37] (i) better charge transport ability; (ii) low mass loading; (iii) 
better mass transport of the solvated ions and (iv) better mechanical toughness. 
In this work, the coating of MnO2 nanotubes with Co3O4 nanocrystals and 







Potassium permanganate (KMnO4), cobalt acetate (Co(CH3COO)24H2O), 
carbon black, n-methyl-2-pyrrolidone (NMP), polyvinylidene fluoride (PVDF), 
lithium trifluoromethanesulfonate (LiCF3SO3) and intetraethylene glycol 
dimethyl ether (TEGDME) were purchased from Sigma-Aldrich. Ammonia 
hydroxide (NH3H2O, 29 wt%) and hydrogen chloride acid (HCl, 37 wt%) was 
bought from Honeywell. Carbon paper was ordered from SGL (Germany). 
Zinc plate, Lithium sheet and the commercial Pt/C (30 wt%) were bought 
from the Alfa Aesar. Potassium hydroxide (NaOH) was purchased from 
Merck. All the reagents were of analytical purity and were used without 
further purification. 
3.2.2 Synthesis	of	MnO2/Co3O4	hybrid	nanomaterials	
First, MnO2 nanotubes were prepared by a facile hydrothermal method.[38] 
In a typical experiment, 2.5 mmol KMnO4 and 10 mmol concentrated HCl 
were added to 25 mL deionized water to form the precursor solution, and then 
the solution was transferred into a 50 mL Teflon-lined stainless steel autoclave. 
The autoclave was sealed and hydrothermally treated at 140 °C for 12 h. After 
the autoclave was cooled down to room temperature naturally, the samples 
were collected and washed several times with ethanol and deionized water. 
The as-prepared products were dried in air at 70 C overnight for further 
modification. Then Co3O4 nanoparticles were modified on the MnO2 
nanotubes by a hydrothermal method combined with post-heat treatment. In a 
typical synthesis of MnO2/Co3O4 hybrid nanomaterials, 0.25 g 
Co(CH3COO)24H2O was dissolved in 15 mL of 1.3 mol/L ammonia solution. 
Afterwards, 0.25 g as-prepared MnO2 nanotubes were dispersed in the above 
solution by ultrasonication for 10 min. This mixture was then transferred into 
a 20 mL autoclave. Then the autoclave was sealed and maintained at 150 C 
for 5 h. The resulting products were separated by centrifugation, washed with 
deionized water, dried at 60 C for 5 h, and then calcined in air at 300 C for 1 
h. During the process of Co3O4 modification, the Co2+ ions were first 





alkaline and hydrothermal conditions.[39] After calcination at 300 oC in air, 
Co(OH)2 was subsequently decomposed into Co3O4 nanoparticles. 
3.2.3 Characterization	
X-ray diffraction (XRD) measurements were taken using an X-ray 
diffractometer (Bruker D8 GADDS) with Cu Kα (λ = 0.15406 nm). Scanning 
electron microscopy (SEM) images were obtained using a JEOL JSM-6700F 
microscope. The amount of Mn and Co element was determined by Oxford 
INCA Energy Dispersive X-ray (EDX) Spectrometer. Transmission electron 
microscopy (TEM) characterization was performed using a Philips CM300-
FEG instrument with operating voltage at 300 kV. X-ray photoelectron 
spectroscopy (XPS) data were recorded with a Theta Probe electron 
spectrometer from Thermo Scientific using Al Kα (hν = 1484.6 eV) radiation. 
The binding energies were corrected by the C 1s line at 285.0 eV from 
adventitious carbon. Nitrogen adsorption and desorption isotherms at 77.3 K 
were obtained with a NOVA 1000 surface area-pore size analyzer. The 
Brunauer-Emmett-Teller (BET) surface area was calculated from 
experimental points measured at a relative pressure of P/Po = 0.05~0.35. 
3.2.4 Electrode	preparation	and	electrochemical	measurements	
A rotating disc electrode (RDE) half-cell setup was used to investigate the 
ORR and OER catalytic activity of the samples. The working electrode was 
fabricated by casting Nafion-impregnated catalyst ink onto a glassy carbon 
disk electrode (5 mm in diameter). Prior to use, the GCE was polished with 
alumina powder to obtain mirror like surface, and rinsed with doubly distilled 
water, followed by sonication in ethanol solution and doubly distilled water 
successively. For the ORR and OER test of different catalysts at 2000 rpm, 4 
mg catalyst was ultrasonically dispersed into 2 mL of 0.5 wt% Nafion solution 
to form a catalyst ink. Catalyst ink (10 μL) was deposited on the disk and 
dried at room temperature. The working electrode was allowed to achieve a 
catalyst loading of 0.1 mg cm-2. Electrochemical activity of the samples was 
studied using linear sweeping voltammetry. The working electrode was 
immersed in a glass cell containing 0.1 mol/L KOH aqueous electrolyte. A 
platinum foil and an Ag/AgCl electrode were used as the counter and 





oxygen bubbles were let through the electrolyte. Catalyst activity towards the 
ORR was evaluated in oxygen-saturated electrolyte solution from 0.2 V to -0.8 
V. The catalytic performance for OER was measured in the electrolyte 
solution from 0.2 V to 1 V. The potential of reference electrode was 
normalized with respect to the potential of reversible hydrogen electrode 
(RHE). The rotation rate was 2000 rpm and the scan rate was 5 mV s-1. 
Commercial Pt/C catalyst (30 wt% platinum on carbon) was tested using the 
same procedure. 
A home-made zinc-air cell device was designed for the battery test (Figure 
3.1a). The air electrode was prepared by spraying the catalyst onto a gas 
diffusion layer (SGL Carbon paper, Germany, 2 cm×2 cm) to achieve a 
loading of 2 mg cm-2. The electrolyte used in the zinc-air battery was 6 M 
KOH, and a polished zinc plate was used as the anode. Battery testing and 
cycling experiments were performed at 25 C using the recurrent galvanic 
pulse method, where one cycle consisted of a discharging step (15 mA cm-2 for 
7 min) followed by a charging step of the same current and duration time. 
Similarly, the air electrode was also needed to prepare for Li-air cell test. 
First, slurry containing catalyst (50 wt%) and carbon (40 wt%) was prepared 
using a Polyvinylidene fluoride (PVDF) binder (10 wt%) and n-methyl-2-
pyrrolidone (NMP) solution. The slurry was sprayed onto the surface of a gas 
diffusion layer (SGL Carbon paper, Germany) to fabricate the air-electrode. 
The loading of materials was fixed at 1 mg cm-2. The Swagelok cells were 
modified to be used as the Li-air cell. The configuration of cell is shown in 
Figure 3.2. It can be seen that there are one outlet and one inlet for the 
transport of O2, compared to the common Swagelok cells. The cells were 
carefully assembled in a glove box with oxygen and water contents less than 1 
ppm. The air-electrode was used as a cathode and lithium metal was used as 
an anode, respectively. Lithium trifluoromethanesulfonate (LiCF3SO3) 
dissolved intetraethylene glycol dimethyl ether (TEGDME) (1 mol/L) and 
polypropylene(Celgard® 2325, USA) were employed as an electrolyte and 
separator, respectively. The amount of electrolyte was fixed at 0.3 mL and 
achieved capacities were estimated based on only carbon content in the 





MACRO 4200 battery test system at the current density of 0.1 mA cm-2, with a 
low voltage limit of 2.0 V (vs. Li/Li+) and upper limit of 4.4 V (vs. Li/Li+) for 
the assembled cells at ambient temperature. All the specific capacities were 

























































The morphologies of the products were firstly examined using a field-
emission gun scanning electron microscope (FESEM) and a transmission 
electron microscope (TEM). Figure 3.3a shows the typical SEM image of the 
as-synthesized MnO2 nanotubes, which indicates that the length of the 
nanotubes is in the range of 1~2 μm. The TEM image indicates that the 
diameter and wall thickness of a single MnO2 tube are about 50 and 14 nm, 
respectively (Figure 3.3c). Figures 3.3b and d are the corresponding SEM and 
TEM images of the hybrid Co3O4-modified MnO2 nanotubes, showing 
homogeneous coating of the Co3O4 nanoparticles on the surface of the MnO2 
nanotubes. The average size of the Co3O4 nanoparticles is about 10 nm. Figure 
3.3e shows a HRTEM image of the interface between a single MnO2 nanotube 
and Co3O4 nanocrystals. The observed lattice spacing of 0.69 nm corresponds 
to the (110) plane of tetragonal α-MnO2 (Joint Committee on Powder 
Diffraction Standards file no. 41-0141). The HRTEM image of the 
nanoparticles reveals a lattice fringe of the (311) with a d-spacing of 0.24 nm, 
typically for cubic Co3O4 (Joint Committee on Powder Diffraction Standards 
























Figure 3.3 SEM images of the MnO2 nanotubes (a) and MnO2/Co3O4 hybrid 
nanomaterials (b); TEM images of an individual MnO2 nanotube (c) and 
MnO2/Co3O4 hybrid materials (d); HRTEM image of the interface between a 







Subsequently, the resulting Co3O4-modified MnO2 nanotubes were 
characterized by energy-dispersive X-ray spectroscopy (EDS). Compositional 
analysis of the Co3O4-modified MnO2 nanotube reveals that the MnO2 and 
Co3O4 contents are 72.2 wt% and 27.8 wt%, respectively (Figure 3.4a). The 
X-ray diffraction (XRD) patterns of the MnO2 nanotubes and their Co3O4-
modified counterparts were shown in Figure 3.4b. All major diffraction peaks 
match well with the standard peaks of tetragonal α-MnO2 for the nanotube 
sample. For MnO2/Co3O4 hybrid nanomaterials, the diffraction peaks at 31.3, 
36.9 and 44.9 can be indexed to (220), (311), and (400) planes of Co3O4, 
respectively.  
Nitrogen sorption isotherms were generated to investigate the porous 
structure and the Brunauer-Emmett-Teller (BET) surface areas of the MnO2 
and MnO2/Co3O4 (Figure 3.5). It can be seen that the adsorption isotherm of 
MnO2 and MnO2/Co3O4 is of type ІІ according to the International Union of 
Pure and Applied Chemistry (IUPAC) classification. The specific surface 
area of MnO2 and MnO2/Co3O4 hybrid nanomaterials are 28 and 36 m2 g-1, 
respectively. The reason for increase of surface area can be attributed to the 
modification of Co3O4. The larger surface area induces more surface 
defects and contact area for reaction, facilitating the catalytic activity for 



















Figure 3.4 (a) EDS spectrum of the MnO2/Co3O4 hybrid nanomaterials; (b) 





Figure 3.5 N2 adsorption/desorption isotherm of the MnO2 nanotubes (a) 









X-ray photoelectron spectroscopy (XPS) was further utilized to probe the 
Mn, Co, O and C elements of the hybrid nanomaterials. The survey scan 
indicates that the composite contains Mn, Co, O, C elements (Figure 3.6). The 
carbon element is ascribed to traces of adventitious carbon.  
Figure 3.7a shows the detailed scan of Mn(2p). The Mn(2p) XPS spectrum 
exhibits two major peaks with binding energy values at 654.1 and 642.3 eV 
and a spin-energy separation of 11.8 eV, which are in good agreement with 
reported data of Mn(2p3/2) and Mn(2p1/2) in MnO2.[40] As reported 
previously,[41] the average oxidation state of Mn in manganese oxides can be 
determined by the separation of peak energies of the Mn(3s) peaks. The 
MnO2/Co3O4 hybrid nanomaterials shows a separated energy of 4.7 eV for 
Mn(3s) doublet (Figure 3.7b), which suggests that the oxidation state of the 
Mn in the composite is ~4.0. Figure 3.7c displays the XPS spectrum of 
Co(2p3/2). The Co(2p3/2) component is centered at 780.3 eV with a full-width-
at-half-maximum of 2.4 eV, which is in good agreement with the 
literatures.[42,43] The two fitted peaks are corresponding to Co(III) and Co(II), 
respectively. The atom ratio of Co(III)/Co(II) is close to 2, which is in 
agreement with the stoichiometric formula of the spinel cobalt oxide 
(CoCo2O4). The fitted O(1s) spectrum is represented by three bands (Figure 
3.7d). The bands at 532.7 and 531.2 eV can be attributed to the oxygen and 
water molecules absorbed on the composite surface. The peak at 530.2 eV 





















Figure 3.7 High resolution XPS spectrum of Mn(2p) (a), Mn(3s) (b), Co(2p) 







In a further set of experiments, the catalytic activity of the as-prepared 
materials for ORR and OER activities were tested by linear sweep 
voltammetry with a rotating disk electrode. As shown in Figure 3.8a, the onset 
potential for Co3O4-modified MnO2 nanotubes was detected at 1.05 V vs. 
RHE, whereas it was 0.90 V vs. RHE and 1.10 V vs. RHE for Co3O4 
nanoparticles and MnO2 nanotubes, respectively. At 0.2 V vs RHE, Co3O4 
nanoparticles and Co3O4-modified MnO2 nanotubes afforded an ORR current 
density of ~1.3 mA cm-2 and 3.5 mA cm-2, respectively, approaching that of 
the MnO2 nanotubes (~3.8 mA cm-2). The Tafel slope at low over-potentials of 
MnO2 nanotubes, Co3O4-modified MnO2 nanotubes and Co3O4 nanoparticles 
is 39, 58 and 77 mV/decade, respectively (Figure 3.8b). On the basis of the 
onset potential, cathodic current and Tafel slope, Co3O4-modified MnO2 
nanotubes are much more active than Co3O4 nanoparticles and slightly less 
active than MnO2 nanotubes for the ORR. The decrease of ORR activity could 
be attributed to the occupation of some active sites on MnO2 nanotubes by 
Co3O4 nanoparticles. Apart from the ORR activity, excellent OER activity is 
particularly critical for bifunctional catalysts. As shown in Figure 3.8c, the 
OER current density of MnO2 nanotubes, MnO2/Co3O4 hybrid and Co3O4 
nanoparticles at 1.8 V vs. RHE was 1.3, 2.2 and 2.0 mA cm-2, respectively. 
There is a small Tafel slope down to 34 and 43 mV/decade for Co3O4-
modified MnO2 nanotubes and Co3O4 nanoparticles, comparing with the 
MnO2 nanotubes (Figure 3.8d). The results indicate that the MnO2/Co3O4 
hybrid is more active than MnO2 and Co3O4 for the OER activity.  
Furthermore, the bifunctional catalysts were compared with the commercial 
carbon-supported platinum nanoparticles (Pt/C). It is encouraging to note that 
the MnO2/Co3O4 hybrid exhibits slightly less ORR and comparable OER 
activity compared to the commercial Pt/C catalyst (Figure 3.9a and b). There 
is a slightly larger Tafel slope of 58 mV/decade for Co3O4-modified MnO2 
nanotubes compared with that of Pt/C catalyst (33 mV/decade) for the ORR 
(Figure 3.9c). Excellent OER activity of the Co3O4-modified MnO2 nanotubes 
is also found from the smaller Tafel slope of 34 mV/decade (Figure 3.9d) than 
that measured with Pt/C (52 mV/decade). These results suggest that the high 
activity of the Co3O4-modified MnO2 nanotubes for the ORR and OER may be 





nanotubes and Co3O4 nanoparticles. Herein, the Co3O4 nanparticles are 
responsible for high electrical conductivity and high OER activity while the 
MnO2 nanotubes offer high performance for the ORR. In addition, the larger 








































Figure 3.8 (a) ORR polarization curves of the MnO2 nanotubes, Co3O4 
nanoparticles and MnO2/Co3O4 hybrid nanomaterials; (b) Tafel plots of ORR 
current of MnO2 nanotubes, Co3O4 nanoparticles and MnO2/Co3O4 hybrid 
nanomaterials; (c) OER polarization curves of the MnO2 nanotubes, Co3O4 
nanoparticles and MnO2/Co3O4 hybrid nanomaterials; (d) Tafel plots of OER 






















Figure 3.9 ORR polarization curves (a) and OER polarization curves (b) of 
the 30 wt% Pt/C catalyst and MnO2/Co3O4 hybrid materials; (c) Tafel plots of 
















A galvanodynamic method was used to discharge and charge the testing 
single cell. The results of the MnO2 nanotubes and MnO2/Co3O4 catalysts are 
shown in Figure 3.10a. The discharging curves illustrate an activation loss 
region followed by a pseudo-linear ohmic loss region. The MnO2/Co3O4 
hybrid nanomaterials show similar discharging activity with respect to MnO2 
nanotubes. Regarding cell charging process, the MnO2/Co3O4 has a lower cell 
voltage at the same current density than MnO2 nanotubes, indicating that the 
hybrid nanomaterials are more active than MnO2 nanotubes as identified in 
linear sweep test. The maximum power density of the MnO2 nanotubes and 
MnO2/Co3O4 hybrid nanomaterials is respectively 36 and 33 mW/cm2 at 25 C 
(Figure 3.10b), which are superior to those reported (e.g. 30 mW/cm2 for Ag/C 
nanoparticles catalyst[44] at 35 C, 18 mW/cm2 for MnO2 catalyst[45] at 25 C) 
and is comparable to the result (e.g. 35 mW/cm2 for PbMnOx catalyst[45]  at 25 
C). 
The stability of the catalysts was examined through the charge-discharge 
cycling in 6 M KOH. A charge-discharge experiment was performed by 
discharging and charging (7 min in each state) of the battery at 15 mA cm-2 
using recurrent galvanic pulses method. As shown in Figure 3.10c, the first 
five cycles show almost the same discharge voltage and a lower charge plateau 
for the MnO2/Co3O4 hybrid nanomaterials. The potential change in charge and 
discharge process for the MnO2 nanotubes after 60 cycles is 14% and 13%, 
respectively. With respect to MnO2/Co3O4 hybrid nanomaterials, both the 
charge potential and discharge potential after 60 cycles varies by 5%. This 
result indicates the combination of Co3O4 with MnO2 nanotubes is effective 















Figure 3.10 Battery discharge and charge polarization curves of the MnO2 
nanotubes and MnO2/Co3O4 hybrid nanomaterials (a); power densities of the 
zinc-air battery using MnO2 nanotubes and MnO2/Co3O4 hybrid nanomaterials 
as bifunctional air cathode catalysts (b) and performance of the battery charge-










Figure 3.11a presents the discharge-charge profiles of the first cycle of the 
Li-O2 cells. In the voltage window of 2.0~4.4 V, the cells with MnO2/Co3O4 
and MnO2 catalysts exhibit a discharge capacity around 6824 and 6688 mAh 
g-1 on the first cycle, respectively. It is obvious that there is only a little 
difference in the discharge capacity. However, the charge capacity using the 
MnO2/Co3O4 and MnO2 catalysts are 5694 and 3804 mAh g-1, respectively. 
The round-trip efficiency of MnO2/Co3O4 reaches 83.4%, which is much 
larger than that of MnO2. It is evident that MnO2/Co3O4 hybrid material is 
more effective in enhancing the catalytic activity by reducing the overpotential. 
As depicted in Figure 3.11b and c, the cyclic performance with the catalyst 
MnO2 and MnO2/Co3O4 during 10 cycles has the similar trend. The discharge 
and charge capacity decrease rapidly. It should be noted that the decrease of 
the capacity when MnO2/Co3O4 was used is slower than that when used using 
MnO2 as catalyst. Then the discharge and charge capacities only maintain at 
several hundred mAh g-1. Therefore, it can be concluded that the full discharge 
and charge is not beneficial for the cycling performance.  
In order to understand the reasons for the fast fading rate of discharge 
capacity, the morphologies of the air electrode based on the MnO2/Co3O4 
catalyst during different process were investigated. Figure 3.12a and b show 
the morphology of the catalyst before the discharging process. There are many 
carbon nanoparticles and MnO2 nanotubes with Co3O4 nanoparticles. Figure 
3.12c and d present the morphology of the catalyst surface after discharging 
for the 1st cycle. At the low magnification times, the morphology does not 
change much. However, at the high magnification times, the structure 
becomes less porous, which is due to the aggregation of catalyst particles and 
discharge product.[46] After charging for the 1st cycle, the surface morphology 
is similar to that shown in Figure 3.12c and d, which indicates that the 
discharging product is not well conversed  reversibly. In the term of the fifth 
discharge cycle, the porous structure is broken, which is due to the block of 
discharging product. The similar results can be seen in battery used MnO2 as 
the catalyst. The larger surface area of the hybrid can offer more contact sites 
for the reaction. Besides, the larger pore volume and average pore size of the 





therefore, the hybrid can be expected to deliver higher reversible capacity than 



























Figure 3.11 (a) Discharge-charge profiles of Li-O2 cells with MnO2 and 
MnO2/Co3O4; Cyclic performance with the catalyst MnO2 (b) and 
MnO2/Co3O4 (c) during 10 cycles in a voltage range of 2.0 to 4.4 V versus 














Figure 3.12 SEM images of the air electrode based on MnO2/Co3O4 catalyst 
(a-b) before the discharge and (c-d) after discharge for the 1st cycle; (e-f) 
discharge and charge for the 1st cycle; (g-h) discharge for the 5th cycle and 







In order to improving the cycling performance, the battery test by 
controlling discharging depth at 500 mAh g-1  under the current of 0.1 mA cm2 
was carried out, as shown in Figure 3.13. The cell using the Co3O4/MnO2 
shows good cycle performance over 90 cycles with stable reversible capacities, 
while that using MnO2 can only maintain less than 20 cycles. In addition, the 
discharging and charging voltage platform for the cell using Co3O4/MnO2 are 
2.6 V and 3.9 V, respectively. In comparison to the cell using the MnO2 as 
catalyst, the overpotenial decreases by 0.3 V, which is attributed to the better 
ORR and OER performance of the catalyst. Figure 3.14 demonstrates variation 
of discharging and charging capacities as function of the cycle number for the 
MnO2 and MnO2/Co3O4 hybrid based Li-O2 battery. Because the limiting 
condition at specific capacity of 500 mAh g-1, both the capacity rention of the 
two cells is nearly 100%. However, when the cycles achieve to some extent, 
the capacity drops sharply. During the first 90 cycles, there is no obvious 
overpotential increase, which clearly illustrates the reversibility of the 
electrode reaction and the catalyst to a certain extent, although further 
confirmation of the electrochemical processes is needed under different 
specific capacity limits. 
Thus, the discharging depth at 1000 mAh g-1 was also carried out to 
understand the effect of discharging depth to the cycling performance. 
Compared to the results of Figure 3.13b (discharging depth at 500 mAh g-1), 
the cycling number decreases to 20. The platform of charging and discharging 
potential are 4.0 and 2.6 V, respectively. In addition, the overpotential 
increases slightly during the cycling process. This demonstrates the 
reversibility of the electrode reaction and the catalyst is influenced by the 
discharging depth. Besides, the pore volume of the catalyst on the interface is 
blocked by the discharging product. Another possible reason is the 
decomposition of the electrolyte, which could severely occur at the deep 












Figure 3.13 Discharge and charge profiles of a Li-O2 cell containing MnO2 (a) 
and MnO2/Co3O4 (b) in the carbon matrix using the TEGDME/LiCF3SO3 
electrolyte between 2.0 and 4.4 V versus Li/Li+ with a limited capacity of 500 







Figure 3.14 Variation of discharging and charging capacities with the cycle 















Figure 3.15 Discharge and charge profiles of a Li-O2 cell containing MnO2 (a) 
and MnO2/Co3O4 (b) in the carbon matrix using the TEGDME/LiCF3SO3 
electrolyte between 2.0 and 4.4 V versus Li/Li+ with a limited capacity of 


















In this research, MnO2/Co3O4 hybrid as a new air electrode material has 
been synthesized via a two-step hydrothermal method. These hybrid 
nanomaterials display good bifunctional ORR/OER activity. As a good 
bifunctional catalyst, MnO2/Co3O4 hybrid can enhance cyclic stability in 
discharge and charge process in ZAB. 
In addition, it is clearly indicated that the cycling performance of a Li-O2 
cell can be improved by applying the MnO2/Co3O4 hybrid nanomaterials as 
the cathode material along with the capacity limited protocol during the 
discharge and charge process. 
Further studies are ongoing to improve the ZAB and LAB performance by 
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Rapid development of global economy demands more reliable energy 
supply, stimulating intense research on alternative energy conversion and 
storage systems with high efficiency, low cost and environmental benignity.[1-3] 
Efficient catalysts for oxygen reduction reaction (ORR) and oxygen evolution 
reaction (OER) can be regarded as the bottleneck of key renewable-energy 
technologies including Zinc-air battery and Li-air battery. The poor 
performances of the catalysts, such as sluggish ORR, low OER kinetics, and 
large overpotential, greatly limit their practical application of these 
technologies.[4-6] Developing novel bifunctional electrocatalysts that are 
effective for both ORR and OER processes is remaining formidable.  
Although noble metal catalysts, such as Pt and Pt-based alloys, are used as 
the most active cathode materials for the ORR both in acid and in alkaline 
solutions, the cost of manufacturing noble metal-based air cathode is high due 
to their scarcity.[7-9] The drawbacks make the research interest turn to non-
precious materials, including transition metal oxides[10-20] and carbon 
materials.[21-25]  
Among these metal oxides, Ag-hollandite manganese oxide (Ag1.8Mn8O16) 
has been extensively investigated since they possess unique properties and 
potential applications in terms of ethanol oxidation catalysts,[26] emission 
control,[27] and electrode materials for lithium-ion secondary batteries.[28] They 
hold a variety of advantages like low cost, high abundance, low toxicity and 
multiple valence state. However, as a typical kind of semiconductors, it 
requires appropriate substrate to facilitate the fast electron transport for 
improving catalytic activity. 
It is well-known that graphene is an up-and-coming carbon allotrope 
comprised of monolayer hexagonal sp2 hybridized carbon atoms. The two-
dimensional conjugated structure endows graphene with unique physical and 
chemical properties including large theoretical specific surface area, extremely 
high electrical conductivity and good mechanical flexibility and strong 
thermal/chemical stability.[29-31]  
Up to now, the synergistic coupling between metal oxides and graphene has 
been confirmed as a promising approach to improve the ORR activity.[32-34] 





supported Co3O4 nanocrystals, as a bifunctional catalyst, have high catalytic 
activity for the ORR and OER.[32] Dai et al. developed the manganese-cobalt 
spinel (MnCo2O4)/graphene hybrid as a highly efficient electrocatalyst for 
ORR.[33] 
In my work, a new catalyst, Ag1.8Mn8O16/reduced graphene oxide (rGO) 
with unique chemical and physical properties was designed. rGO-supported 
Ag1.8Mn8O16 nanorods were fabricated via a simple three-step route: first, 
synthesis and modification of Ag1.8Mn8O16 nanorods, subsequently, 
preparation of rGO, and finally self-assembly of Ag1.8Mn8O16 nanorods and 
rGO on the basis of electrostatic attraction. The hybrid materials show better 
ORR and OER activities compared with separated counterparts. Notably, the 
ORR and OER activities of the as-synthesized catalyst are superior to the 
commercial Pt/C. In addition, the performance of the hybrid material used as 
cathode electrocatalyst in ZABs was also investigated. 
4.2 Experimental		
4.2.1 Materials	
Potassium permanganate (KMnO4), manganese sulfatemonohydrate 
(MnSO4·H2O), manganese nitrate tetrahydrate (Mn(NO3)2·4H2O), nitric acid 
(69 wt%, HNO3), silver nitrate (AgNO3), aminopropytrimethoxysilane and 
ammonium hydroxide solution (29 wt%, NH4OH) were obtained from Sigma-
Aldrich. Dimethylformamide (DMF) was purchased from J. T. Baker. 
Graphene oxide solution (1 wt% grahene oxide) was obtained from Mitsubishi 
Chemical Corporation. All the chemicals are of analytical grade and used as 
received without further purification. Deionized water was used throughout all 
the experiment. 
4.2.2 Synthesis	of	Ag1.8Mn8O16	nanorods	
In a typical synthesis, 1 mmol KMnO4 and 1 mmol AgNO3 were added in a 
25 mL beaker containing 9 mL water. Subsequently, 1 mL HNO3 (69 wt%) 
was added by dropwise under stirring. The mixture was vigorously stirred, and 
then 10 mL of 0.15 M Mn(NO3)2 solution was gradually poured in several 
minutes. The solution was transferred into a 25 mL Teflon-lined stainless steel 





was collected, washed with deionized water and absolute ethanol, and dried in 
air at 80 °C overnight. 
4.2.3 Modification	of	Ag1.8Mn8O16	nanorods	
50 mg Ag1.8Mn8O16 was added into the solution, which consisted of 12.5 
mL H2O and 37.5 mL ethanol. After ultrasonic treatment for 3 min, 0.2 mL 
aminopropytrimethoxysilane (APTMS) and 2 µL HNO3 were added into the 
solution. The mixture was vigorously stirred and treated at 50 °C for 4 h. Then 
the product was obtained by centrifuging and thoroughly washing with 
deionized water.  
4.2.4 Synthesis	of	rGO		
Graphene sheets were prepared by simple chemical reduction method. 0.1 
mg mL-1 graphene oxide dispersion was reacted at 95 °C using vitamin C as 
the reductant. In a typical synthesis process, 200 mL of solution containing 
200 mg graphene oxide was treated by ultrasonic irradiation for 60 min. Then 
400 µL of 29 wt% ammonia solution was added into the solution to adjust the 
pH value to 9~10, which promotes the colloidal stability of the graphene oxide 
sheets through electrostatic repulsion. Subsequently, 2 mmol ascorbic acid 
was added into the solution when the temperature was raised to 90 °C. After 
15 min, the product was obtained by centrifuging and thoroughly washing 
with deionized water. 
4.2.5 Synthesis	of	Ag1.8Mn8O16/rGO	hybrid	materials	
36 mg modified Ag1.8Mn8O16 and 24 mg rGO were dispersed in 20 mL 
DMF, respectively, which was marked as solution A and solution B. Then 
solution A was added into solution B in a dropwise manner under stirring 
condition. Then the mixed solution was ultrasonic treated for 60 min at 0 °C. 
Finally, the composite products were separated from the solution by 
centrifuging, ultra-filtration and thoroughly washed with ethanol. In order to 
remove the solvent, the produced was freeze-dried. For comparison, mix-
Ag1.8Mn8O16/rGO hybrid material was prepared by the same process except 






Transmission Electron Microscopy (TEM) characterization was performed 
using a Philips CM300-FEG instrument with operating voltage at 300 kV. The 
UV-vis spectra were measured from 200 to 600 nm by Shimadzu UV3600. 
Scanning electron microscopy (SEM) images were obtained using a JEOL 
JSM-6700F microscope. X-ray diffraction (XRD) measurements were 
recorded on an X-ray diffractometer (Bruker D8 GADDS) with Cu Kα (λ = 
0.15406 nm). The amount of Ag, Mn and O element was determined by 
Oxford INCA Energy Dispersive X-ray (EDX) Spectrometer. X-ray 
photoelectron spectroscopy (XPS) data were recorded with a Theta Probe 
electron spectrometer from Thermo Scientific using Al Kα (hν = 1484.6 eV) 
radiation. The binding energies were corrected by the C 1s line at 285.0 eV. 
The N2 adsorption desorption isotherm was performed on a NOVA 1000 
surface area-pore size analyzer. The specific surface area was calculated by a 
multipoint Braunauer-Emmett-Teller method. The thermal property was 
studied by the thermogravimetric analyzer (TGA Q500). 
4.2.7 Electrode	preparation	and	electrochemical	measurements	
A rotating disc electrode (RDE) half-cell setup was used to investigate the 
ORR and OER catalytic activity of the samples. The working electrode was 
fabricated by casting Nafion-impregnated catalyst ink onto a glassy carbon 
disk electrode (5 mm in diameter). The glass carbon electrode (GCE) was 
prepared by a simple casting method. Prior to use, the GCE was polished with 
alumina powder to obtain mirror like surface, and rinsed with doubly distilled 
water, followed by sonication in ethanol solution and doubly distilled water 
successively. For the ORR and OER test of different catalysts at 2000 rpm, 10 
mg catalyst was ultrasonically dispersed into the 0.5 wt% Nafion solution to 
form a catalyst ink. 10 μL of the catalyst ink was deposited on the disk and 
dried at room temperature. The working electrode was allowed to achieve a 
catalyst loading of 1 mg cm-2. The catalyst amount was the same as the 
catalyst used in the following Zn-air battery. Electrochemical activity of the 
samples was studied using linear sweeping voltammetry. The working 
electrode was immersed in a glass cell containing 0.1 M KOH aqueous 





counter and reference electrodes, respectively. Catalyst activity toward the 
ORR was evaluated in oxygen-saturated electrolyte solution from 0.2 to -0.8 V. 
The catalytic performance for OER was measured in the electrolyte solution 
from 0.2 to 1.0 V. The rotation rate is 2000 rpm and the scan rate is 5 mVs-1. 
Commercial Pt/C catalyst (30 wt% platinum on carbon) was tested using the 
same procedures.  
In order to further study the electron transfer number by RDE, a thinner film 
is needed to reduce error. 4 mg catalyst was ultrasonically dispersed into 2 mL 
of 0.5 wt% Nafion solution to form a catalyst ink. 10 μL of the catalyst ink 
was deposited on the disk and dried at room temperature. The loading of 
catalyst was only 0.1 mg cm-2 on the surface of the electrode. The rotation rate 
was 400, 625, 900, 1225, 1600 and 2000 rpm, respectively. 
A home-made zinc-air cell device was re-designed for the battery test. 
Because there is an open system in the device as described in Chapter 3 
(Figure 3.1), which may cause the generation of Zn2CO3. As shown in Figure 
4.1, the device forms a relatively close system. The electrolyte can be injected 
through the injection well. The air electrode was prepared by spraying the 
catalyst onto a gas diffusion layer (SGL Carbon paper, Germany, 2 cm × 2 cm) 
to achieve a loading of 1 mg cm-2. The electrolyte used in the zinc-air battery 
was 6 M KOH, and a polished zinc plate was used as the anode. Battery 
testing and cycling experiments were performed at 25 C using the recurrent 
galvanic pulse method, where one cycle consisted of a discharging step (20 















































The preparation of the Ag1.8Mn8O16/rGO is schematically illustrated in 
Figure 4.2. Ag1.8Mn8O16 nanorods on graphene sheets were fabricated via a 
simple three-step route: First, Ag1.8Mn8O16 nanorods were prepared by the 
hydrothermal method, and then they are modified by surface grafting of 
APTMS to introduce positive charge. Second, GO was reduced by the Vitamin 
C. Finally, the modified Ag1.8Mn8O16 nanorods were self-assembled with 




























































Figure 4.3a shows the colour change of dispertions from brown to black, 
verifying the happening of the reduced reaction. The progress of reaction can 
also be monitored by measuring the position of the UV-vis absorption peak. 
Figure 4.3b is the UV-vis spectra of GO and as-prepared rGO solutions. There 
is a peak located at 231 nm for the unreduced dispersion, but it gradually red-
shifts as deoxygenation takes place and electronic conjugation is restored. The 
result is in good agreement with the previous reports.[35] 
TEM images of as-prepared rGO can be seen in Figure 4.3c and d. The 
graphene sheet shows morphologies like wrinkled and folded paper. Moreover, 




































Figure 4.3 (a) The photo of GO and rGO solutions; (b) UV-vis spectra of GO 
















As shown in Figure 4.4a, TEM images indicate that the products are 
composed of straight nanorods. The average diameter of the nanorods is 
about 25 nm and the length is up to 2 µm. The morphology does not change 
after the surface modification by APTMS. Figure 4.4b is a typical HRTEM 
image of Ag1.8Mn8O16 nanorods. The periodic fringe spacing of 0.276 nm 
corresponds to the (101) planes of tetragonal Ag1.8Mn8O16. 
Figure 4.4c indicates that the nanorods are adhered on the surface of the 
rGO, due to the strong attraction between negatively charged rGO and 
positively modified Ag1.8Mn8O16. No free Ag1.8Mn8O16 nanorods can be 
observed in the TEM visualization. HRTEM image of the hybrid material is 
also shown in Figure 4.4d. The fringe spacing of 0.343 nm can be indexed as 
the (220) planes of tetragonal Ag1.8Mn8O16, while the surrounding is the 
graphene sheet, revealing that the single nanorod is distributed on the surface 
of the rGO. SEM results (Figure 4.5) further reveal the same morphology, 
which is in line with the observation of TEM. It should be noted that a 
significant portion of the nanorods are loaded on the both sides of the 
graphene layers (Figure 4.5b), suggesting eﬃcient assembly between the 
nanorods and the graphene sheets. This structure can greatly enhance their 
interface contact, thereby promoting the electrochemical activity and stability 























Figure 4.4 TEM images of the Ag1.8Mn8O16 nanorods (a) and 
Ag1.8Mn8O16/rGO hybrid materials (c); HRTEM images of the Ag1.8Mn8O16 





Figure 4.5 SEM images of the Ag1.8Mn8O16 nanorods (a) and 






In order to determine the crystal and phase structure, XRD 
characterization of the three samples was carried out. Figure 4.6a is the XRD 
patterns of the rGO, Ag1.8Mn8O16 and rGO/Ag1.8Mn8O16 hybrid material, 
respectively. For rGO, there is only a broad peak at 24.3 corresponding to 
the (002) crystal plane of graphene. For silver manganese oxide, all major 
diffraction peaks match well with the standard peaks of pure phase of 
Ag1.8Mn8O16 (space group: I4/m) with a tetragonal structure (JCPDS No. 
77-1987; a = 9.725 Å, c = 2.885 Å). No characteristic peaks for other 
impurities such as Ag2O and MnO2 are observed. For Ag1.8Mn8O16/rGO 
hybrid nanomaterials, the diffraction peaks are the same as those of 
Ag1.8Mn8O16. However, the peak of rGO does not appear because of the 
amorphous state of rGO and the coupling effect between Ag1.8Mn8O16 and 
rGO. No impurities are detected. The composition of the hybrid material 
was confirmed by EDS. A typical EDS spectrum is shown in Figure 4.6b. 
EDS spectrum indicates the composite consists of Ag, Mn, O, C, and Si 
elements. Si element is from the silicon wafer, which is used as the substrate 


























Figure 4.6 (a) XRD patterns of the rGO, Ag1.8Mn8O16 nanorods and 
Ag1.8Mn8O16/rGO hybrid materials; (b) EDS spectrum of the 


















X-ray photoelectron spectroscopy (XPS) was further utilized to probe the 
Ag, Mn, O and C elements of the hybrid nanomaterials. The result indicates 
that the composite contains Ag, Mn, O and C elements (Figure 4.7). The 
carbon element is ascribed to traces of adventitious carbon and the rGO. 
As shown in Figure 4.8a, the core-level XPS spectrum of Ag(3d) 
transitions in the hybrid. The Ag(3d5/2) and Ag(3d3/2) peaks are centered at 
366.8 and 372.7 eV, respectively. The silver species in the nanorods are 
indexed to be Ag+,[36] as the binding energy of Ag(3d5/2) is 368.2 eV for 
Ag0.[37] 
Figure 4.8b displays core-level XPS spectrum of Mn(2p) transitions. The 
binding energies of Mn(2p3/2) and Mn(2p1/2) in the Ag1.8Mn8O16/rGO 
sample were 641.6 and 653.2 eV, respectively, which can be attributed to a 
mixture of Mn4+ and Mn3+ species.  The observation is in good agreement 
with reported data of Mn(2p3/2) and Mn(2p1/2) in Ag1.8Mn8O16.[36] 
According to the peak positions in Figure 4.8c, four types of oxygen species 
can be identified: the peak at 529.1 eV can be ascribed to lattice oxygen 
(Mn-O), while the peak at 530.2 eV is assigned to O=C-O from the APTMS 
and rGO. The corresponding binding energy at 531.4 eV is attributed to the 
surface adsorbed oxygen; and the peak at high binding energy 532.5 eV is 
associated with adsorbed molecular water.[34] The nature of the Oads species 
in these materials can be related to the presence of oxygen vacancies. These 
oxygen vacancies could be regenerated under reaction conditions and could 
play a key role in the activation of adsorbed molecular O2. The interaction 
of these point defects with molecular oxygen and/or water promotes the 
generation of peroxides, superoxides, and hydroxyl species.[38] The C(1s) 
XPS spectrum (Figure 4.8d) can also be divided into three peaks 
corresponding to carbon atoms in different functional groups: The 
symmetrical peak at 285.0 eV can be assigned to C-C, which is mainly from 
the rGO. The peaks at 286.2 and 288.8 eV are associated with C-O and C=O, 










Figure 4.7 XPS spectrum of the Ag1.8Mn8O16/rGO hybrid materials. 
 
Figure 4.8 High resolution XPS spectrum in the energy range of Ag(3d) (a), 







In order to measure the detail content of rGO in the hybride materials, the 
TGA measurements for different samples were carried out. Figure 4.9a 
shows the weight loss of as-prepared samples with increasing temperature at 
a heating rate of 10 °C/min in flow air. Only 0.8%, 2.0%, 3.8% and 2.0% 
weight loss at 200 °C is found for Ag1.8Mn8O16 nanorods, modified 
Ag1.8Mn8O16 nanorods, rGO and Ag1.8Mn8O16/rGO hybrid materials, 
respectively. The weight loss is mainly attributed to the removal of 
physically and chemically adsorbed water. The weight loss of modified 
Ag1.8Mn8O16 nanorods from 200 °C to 400 oC is larger than that of 
Ag1.8Mn8O16 nanorods, which may be caused by the thermal decomposition 
of the APTMS. After 400 oC, the weight loss of Ag1.8Mn8O16 should be 
corresponding to the oxygen release from hollandite-type manganese oxides, 
usually leading to the formation of oxygen deficient products such as bixbyite 
(Mn2O3) and hausmannite (Mn3O4).[36] The weight loss of rGO is owing to the 
oxidization of the carbon. As for the hybrid materials, the two reactions occur 
simultaneously. Therefore, the rGO content in the hybrid at 600 oC can be 
calculated by subtracting the weight of modified Ag1.8Mn8O16 from that of the 
hybrid. The rGO content in the hybrid material is estimated to be 34%, which 
is also close to initial synthetic condition. 
Nitrogen sorption isotherms were generated to investigate the porous 
structure and the Brunauer-Emmett-Teller (BET) surface areas of the three 
materials (Figure 4.9b). It can be seen that the adsorption isotherm of 
Ag1.8Mn8O16 and Ag1.8Mn8O16/rGO hybrid materials is of type ІІ according 
to the International Union of Pure and Applied Chemistry (IUPAC) 
classification, while that of rGO can be ascribed to type Ⅳ. The specific 
surface area of Ag1.8Mn8O16, rGO and Ag1.8Mn8O16/rGO hybrid materials 
are 45, 142 and 76 m2 g-1, respectively. The surface area of the hybrid 
materials is nearly 2 times larger than that of Ag1.8Mn8O16, but only a half of 











Figure 4.9 (a) TG curves of the Ag1.8Mn8O16 nanorods, modified 
Ag1.8Mn8O16 nanorods, rGO and Ag1.8Mn8O16/rGO hybrid materials; (b) 












In a further set of experiments, the catalytic activity of the as-prepared 
materials for ORR and OER activities was tested by linear sweep voltammetry 
with a rotating disk electrode. As shown in Figure 4.10a, the onset potential 
for Ag1.8Mn8O16/rGO hybrid materials is detected at 0.18 V vs. Ag/AgCl, 
whereas it is 0.06 V vs. Ag/AgCl and 0.14 V vs. Ag/AgCl for rGO and 
Ag1.8Mn8O16 nanorods, respectively. In addition, the onset potential of 
commercial Pt/C is 0.17 V, which is comparable to the hybrid materials. At -
0.8 V vs Ag/AgCl, Ag1.8Mn8O16 nanorods, rGO and Ag1.8Mn8O16/rGO 
afforded an ORR current density of 5.7, 6.4 and 8.4 mA cm-2, respectively. It 
is notable that the ORR current density of commercial Pt/C is 7.5 mA cm-2, 
which is smaller than that of the hybrid materials (~8.4 mA cm-2). On the basis 
of the onset potential and cathodic current, Ag1.8Mn8O16/rGO hybrid materials 
are much more active than Ag1.8Mn8O16 nanorods and rGO for the ORR. Apart 
from the ORR activity, excellent OER activity is particularly critical for 
bifunctional catalysts. As shown in Figure 4.10b, the OER current density of 
Ag1.8Mn8O16 nanorods, rGO, Ag1.8Mn8O16/rGO hybrid materials and Pt/C at 
1.0 V is 11.5, 17.0, 18.9 and 18.6 mA cm-2, respectively. The results indicate 
that the Ag1.8Mn8O16/rGO hybrid materials exhibit the best OER activity 























Figure 4.10 (a) ORR polarization and (b) OER polarization curves of the 


















In comparison, ORR activities of other materials were also investigated. 
According to the same procedures as indicated in section 4.2.5, the rGO was 
replaced by GO. Then the Ag1.8Mn8O16/GO hybrid materials can be obtained. 
Mix-Ag1.8Mn8O16/rGO was prepared by the physical mixing process of 
Ag1.8Mn8O16 and rGO. As presented in Figure 4.11, when the potential is -0.8 
V, the ORR current density of Ag1.8Mn8O16/GO, mix-Ag1.8Mn8O16/rGO and 
Ag1.8Mn8O16/rGO hybrid materials is 2.2, 6.8 and 8.4 mA cm-2, respectively. 
It is clear that the Ag1.8Mn8O16/GO has the poorest performance, due to the 
low electrical conductivity. This result also reveals that the electrical 
conductivity of the hybrid material can be greatly enhanced by the addition 
of rGO. The ORR activity of Ag1.8Mn8O16/rGO is better than that of mix-




























Figure 4.11 ORR polarization curves of the Ag1.8Mn8O16/GO, mix-



















In order to reveal the ORR kinetics, rotating-disk electrode (RDE) 
measurements was carried out at different rotating speeds. The catalyst 
loading was 0.1 mg/cm2. The working electrode was scanned cathodically at a 
rate of 5 mV s-1 with varying rotating speeds from 400 to 2000 rpm.  
The Koutecky-Levich equations are as follows:[32] 
    1/J =1/JL + 1/JK =1/(Bω1/2) + 1/JK          (1) 
    B = 0.62nFCo(Do)2/3ν-1/6                         (2) 
    JK = nFkCo                                              (3) 
where J is the measured current density, JK and JL are the kinetic- and 
diffusion- limiting current densities, ω is the angular velocity, n is transferred 
electron number, F is the Faraday constant (96500 C mol-1), Co is the bulk 
concentration of O2 in 0.1 M KOH solution, Do is the diffusion coefficient of 
O2 in 0.1 M KOH solution, ν is the kinematic viscosity of the electrolyte, and 
k is the electron-transfer rate constant. 
According to the Koutecky-Levich equation (1), B is obtained from the 
slope of Koutecky-Levich plots (J-1 vs. ω-1/2). From the equation (2), the 
number of electrons transferred (n) can be calculated. 
Figure 4.12a shows us the ORR curves of in O2-saturated 0.1 M KOH at a 
sweep rate of 5 mV/s and different rotation rates. With the increasing rotation 
rate, the diffusion limiting current densities increase due to the diffusion of the 
O2. Figure 4.12b shows fairly good linearity, suggesting a first-order reaction 
kinetics toward the dissolved oxygen The electron transfer number (n) was 
calculated to be 4.02 at -0.60~-0.80 V from the slopes of Koutecky-Levich 
plots, which indicates Ag1.8Mn8O16/rGO hybrid materials favour a 4 electron-
transfer for the ORR process at different potentials, similar to ORR catalysed 














Figure 4.12 (a) Rotating-disk voltammogram of Ag1.8Mn8O16/rGO hybrid 
materials in O2-saturated 0.1 M KOH at a sweep rate of 5 mV/s and different 
rotation rates. The catalyst loading was 0.1 mg/cm2. (b) Corresponding 










A galvanodynamic method was used to discharge the testing single cell. The 
results are shown in Figure 4.13a. The discharging curves illustrate an 
activation loss region followed by a pseudo-linear ohmic loss region. The 
maximum power density of the hybrid nanomaterials is 42 mW/cm2 at 25 C, 
which is superior to the result in Chapter 3. In that section, the maximum 
power density of the MnO2/Co3O4 hybrid nanomaterials is 36 mW/cm2. 
The stability of the catalysts was examined through the charge-discharge 
cycling in 6 M KOH. A charge-discharge experiment was performed by 
discharging and charging (10 min in each state) of the battery at 20 mA cm-2 
using recurrent galvanic pulses method. As shown in Figure 4.13b, the battery 
using the hybrid materials has a lower charge plateau and a high discharge 
plateau than that using Ag1.8Mn8O16 as the catalyst. The potential changes in 
charge and discharge process for the Ag1.8Mn8O16 nanorods after 100 cycles 
are 10% and 13%, respectively. With respect to Ag1.8Mn8O16/rGO hybrid 
nanomaterials, the charge potential and discharge potential after 100 cycles 
varied by 9% and 10%, respectively. This result indicates the combination of 
Ag1.8Mn8O16 with rGO is effective for both reducing the charging potential 
and enhancing the cyclic stability simultaneously.  
For comparison, the performance of the Zn-air battery using the commercial 
Pt/C catalysts was also investigated. However, the cycling performance is poor. 
Its performance can only maintain about 10 cycles. After that, the charge and 
discharge voltage achieve the limited voltage of 2.8 V and 0.5 V, respectively. 
The reason may be the migration and aggregation of Pt nanoparticles on the 
















Figure 4.13 (a) Discharge polarization curves and power density of the 
Ag1.8Mn8O16/rGO hybrid nanomaterials; (b) Cycling performance of the 
battery using Ag1.8Mn8O16 and Ag1.8Mn8O16/rGO hybrid nanomaterials as 
bifunctional air cathode catalysts; (c) Cycling performance of the battery using 







In summary, a novel air electrode bifunctional catalyst comprising 
Ag1.8Mn8O16/rGO has been synthesized and characterized. Linear sweeping 
voltammetric results of Ag1.8Mn8O16/rGO hybrid nanomaterials shows 
improved OER and ORR performances as compared to commercial Pt/C based 
on the onset potential and current density. Furthermore, RDE results indicate 
that four electrons were transferred during the ORR of Ag1.8Mn8O16/rGO. The 
hybrid materials display high activity and good cycle stability during the 
discharge and charge processes. The improved electrochemical performance 
may be attributed to the increased electrode conductivity, large surface area, as 
well as the synergetic chemical coupling effects. 
Hence, Ag1.8Mn8O16/rGO hybrid nanomaterials catalyst is a very promising 
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The primary objective of this study is to design and synthesis of metal 
oxide-based nanomaterials as electrode materials for various types of batteries. 
Li-ion battery, Zn-air battery and Li-air battery were mainly investigated. 
Firstly, the porous spherical Li4Ti5O12 aggregates (LTO-PSA) and the porous 
spherical Li4Ti5O12/C aggregates (LTO-PSA) were used as the novel anode 
materials in the Li-ion battery. Next, I design and develop some novel 
bifunctional catalysts for metal-air battery. Specifically, Co3O4 nanoparticle-
modified MnO2 nanotubes were used as the cathode catalyst in Zn-air battery 
and Li-air battery. In addition, Ag1.8Mn8O16 nanorods on graphene were 
utilized as the cathode catalyst in Zn-air battery.  
In Chapter 2, I presented the synthesis of LTO/C-PSA for the first time 
using porous spherical TiO2 (TiO2-PS) as titanium source, lithium acetate as 
lithium source and cetyltrimethylammonium bromide (CTAB) as carbon 
source followed by calcinations. Without CTAB addition, porous micro-
spherical Li4Ti5O12 aggregates (LTO-PSA) can be obtained. Noticeably, both 
the as-synthesized LTO-PSA and LTO/C-PSA exhibited excellent 
electrochemical profiles including high reversible capacity, good cycling 
stability and impressive rate capacity. The specific capacity of the LTO-PSA 
and LTO/C-PSA at 30 C was as high as 141 and 143 mAh g-1, respectively, 
while that of the normal LTO-SG could only achieve 100 mAh g-1. At the 
highest rate of 70 C, the LTO-PSA and LTO/C-PSA still delivered a capacity 
of 77 and 101 mAh g-1, respectively, which are much higher than that of LTO-
SG (ca. 8 mAh g-1). Moreover, the cycling performance of LTO/C-PSA was 
superior to that of LTO-PSA. 
The Chapter 3 described the application of MnO2/Co3O4 hybrid 
nanostructure as a new air electrode material in Zn-air battery. The cathode 
catalyst was synthesized via a two-step hydrothermal method. The hybrid 





bifunctional catalyst, the MnO2/Co3O4 hybrid materials could improve cyclic 
stability in discharge and charge process in Zn-air battery. In addition, the 
cycling performance of a Li-O2 cell could be improved by using the 
MnO2/Co3O4 hybrid material as the cathode catalyst along with the capacity 
limited protocol during the discharge and charge process.  
In Chapter 4, novel Ag1.8Mn8O16 nanorods on graphene (Ag1.8Mn8O16/rGO) 
as an air electrode bifunctional catalyst have been synthesized and 
characterized. Linear sweeping voltammetric results of Ag1.8Mn8O16/rGO 
hybrid nanomaterials showed improved OER and ORR performances as 
compared to commercial Pt/C based on the onset potential and current density. 
Furthermore, rotating disc electrode (RDE) results indicated that four electrons 
were transferred during the ORR of Ag1.8Mn8O16/rGO. The hybrid materials 
displayed high activity and good cycle stability during the discharge and 
charge processes. The improved electrochemical performance may be 
attributed to the increased electrode conductivity, large surface area, as well as 
the synergetic chemical coupling effects. Hence, Ag1.8Mn8O16/rGO hybrid 
nanomaterials catalyst is a very promising ORR/OER bifunctional 
electrocatalyst for Zn-air battery.  
Considering lack of the research in the Li-ion battery and metal-air battery, 
there are several interesting directions for future work in the areas of research 
presented in this thesis. 
 LTO/C-PSA have been proved as the high-rate performance anode 
materials with superior safety compared to common graphite anode. In 
future study, the full cell performance is required to evaluate their potential 
practical application. Moreover, there are some promising ways to improve 
the performances of the full cell by screening appropriate cathode 
materials including LiFePO4 and LiMn2O4. Additionally, the performances 
of the cathode materials can be further improved by ion doping or surface 
modification. For example, LiMn2O4 can be co-doped by Co3+ and Ni2+ to 
form LiNixCo0.5-xMn1.5O4. In the future, systematically research on battery 
performance of LiNixCo0.5-xMn1.5O4 should be carried out. The full cell 
performance should also be studied.  





battery and Li-air battery. The morphology and the structure of the catalyst 
may play a key role in the performance of the catalyst. MnO2 nanowires, 
nanosheets, nanobelts can be simply prepared by hydrothermal method. 
After the cooperation the different morphology of MnO2 and Co3O4 
nanoparticles, the catalyst performance and battery performance may be 
further improved. Therefore, another possible avenue of future work is 
manipulating the hybrid structure to achieve better performance. 
 While the MnO2/Co3O4 was used as the catalyst in Li-O2 cell, the cycling 
performance can be improved greatly compared to that using MnO2 
nanotubes as the catalyst. However, the underlying mechanism still needs 
to be studied. Because Li is very sensitive to the moisture. When the 
electrode sheet was exposed to the CO2, the lithium oxide can be changed 
into Li2CO3. Therefore, the in-situ measurement or test under the 
protective atmosphere is necessary to confirm the mechanism. In addition, 
the special separator or filters which can only transfer O2 and separate off 
the moisture, nitrogen and carbon oxide should be an interesting area for 
future research. 
 Another possible avenue of further work is the further application of 
Ag1.8Mn8O16/rGO catalyst. Until now, the application of Ag1.8Mn8O16/rGO 
catalyst in the Li-O2 has not been studied. The better performance may also 
be achieved by manipulating the hybrid structure. Moreover, the design of 
the self-assembly method can be used in other metal oxide/rGO hybrid 
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